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Abstract
Elevated arsenic concentrations in ground and surface water sources have been 
reported world-wide. Furthermore, arsenic exposure has been associated with 
several health disorders including type-2 diabetes. However, research in Argentina 
is limited and is typically confined to a few provinces (e.g. Santiago del Estero; 
Cordoba and Buenos Aires). This research aimed to evaluate the relationship 
between arsenic exposure in water and levels in human hair, fingernail and toenail 
samples from four locations in Argentina, General Roca (Rio Negro), Los Menucos 
(Rio Negro), Eduardo Castex (La Pampa) and Copahue-Caviahue (Neuquén). 
Furthermore, it aimed to establish whether a link exists between type-2 diabetes and 
arsenic levels in human hair, fingernail, toenail, urine and blood (whole and serum) 
samples. The secondary aim of the research was to evaluate methods for the 
removal of arsenic from water, namely the use of solid phase material (iron oxide 
and hydroxide) and electrocoagulation.
Ground, surface and tap water samples were collected from each of the four 
locations. This study found that the exposure of residents to total arsenic in water 
from each of the locations increased in the order: General Roca < Los Menucos < 
Eduardo Castex. Copahue-Caviahue is a unique location and was selected due to 
the potential exposure to arsenic from the volcanic rio Agrio (upper rio Agrio: 179 -  
359 pg/l A s t ). However, the drinking water from glacial sources for the towns of 
Copahue and Caviahue contained arsenic levels (< 0.2 -  0.98 pg/l Asj) below that 
of General Roca (< 0.2 to 7.6 pg/l Asj). Hair, fingernail and toenail samples were 
also collected from each location, and arsenic levels were found to increase in the 
order: Copahue-Caviahue < General Roca < Los Menucos < Eduardo Castex. 
Furthermore, a positive relationship (Pearson Correlation) was found between 
arsenic exposure in water and levels in these samples. Residents from Eduardo 
Castex had the highest arsenic levels in hair (< 0.03 -  4.24 mg/kg Asy), fingernail (< 
0.05 -  10.7 mg/kg Asy) and toenail (0.09 -  13.8 mg/kg Asy) samples. This town was 
selected to establish a link between arsenic and type-2 diabetes. A Mann-Whitney 
U-Test found significantly lower arsenic levels in finger and toenail samples (p < 
0 .0 1 ), whereas significantly higher arsenic levels where found in urine and blood 
serum samples from type-2 diabetic individuals (p < 0.01). This study, has 
highlighted the requirement to evaluate the impact a health disorder, such as type- 2  
diabetes, has on the distribution of arsenic in the human body. The arsenic 
exposure studies highlighted the possible requirement for a low-cost arsenic 
removal method. Iron oxide/hydroxide and electrocoagulation were evaluated and 
high arsenic removal percentages were found in laboratory studies. 
Electrocoagulation was evaluated further in field-based tests in Argentina (Eduardo 
Castex, La Pampa; San Cristobel, Santa Fe) and high arsenic removal (96 to 97 %) 
was achieved after 2  hours.
Overall, this research, for the first time, provides data on arsenic exposure in water 
and the relationship with levels in human samples from several regions of Argentina. 
Furthermore, this study has evaluated a wide range of biological sample types with 
regards to the potential link between arsenic and type- 2  diabetes and has found no 
conclusive evidence that the arsenic levels represent cause and effect.
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Chapter One
Introduction
Chapter 1: Introduction
1.1 Chemistry of Arsenic
Arsenic, isolated by Albertus Magnus in 1250, is the 20*'’ most abundant element in the 
Earth’s crust (comprising ~ 0.00005%), 14*'’ in seawater and 12*'’ in the human body 
(Patai & Rappaport, 1994; Mandai & Suzuki, 2002). Arsenic is a steel-grey, brittle, 
crystalline metalloid with atomic weight 74.9 g/mol, specific gravity 5.73, melting point 
817 °C (at 28 atm), boiling point 613 °C and vapour pressure of 1 mm Hg at 372 °C 
(Mohan & Pittmann, 2007). Arsenic has one key stable isotope ^^ As (100 % 
abundance), the other isotopes ^^ As, '^*As and ®^As have a half life of days and form 0  
% of natural As abundance (Mohan & Pittmann, 2007).
Arsenic has been found to have similar chemical properties to phosphorus. Arsenic 
oxides (AS2O3 and AS2O5) are readily soluble in water and form arsenic (H3ASO4: iAs^) 
and arsenous (H3ASO3: iAs'") acid. Arsenic and arsenous acid will be referred to as 
arsenate (lAs^) and arsenite (iAs'") throughout this thesis. Arsenate (H3ASO4), like 
phosphoric acid (H3PO4) is a triprotic acid and its acidity can be described by the 
reactions shown in Equation 1.1a to 1.1c (Sharma & Sohn, 2009).
(a) AsO(OH ) 3  ^  + As0 2 (0 H)2 ‘ pKai = 2.3
(b) As02(0H)2 H + As03(0H)^ pKa2 — 6 . 8
(c) As0 3 (0 H)2- ^  + As0 4 '^ pKa3 = 1 1 . 6
Eq. 1.1: (a) first, (b) second, and (c) third dissociation reactions and corresponding acid 
dissociation constant (pKg) for arsenic acid (H3ASO4 ) (Sharma & Sohn, 2009).
Arsenic is positioned just below phosphorus in the periodic table and possesses a 
similar atomic radius and near identical electronegativity to phosphorus. Phosphorus is 
commonly found in biological systems as phosphate (P0 4  ^) which behaves similarly to 
arsenate (As0 4 ‘^) at biologically relevant pH and redox gradients (Wolfe-Simon et al.,
2011). The physicochemical similarity of arsenate to phosphate, including its 
tetrahedral structure, contributes to the high toxicity of As in biological systems 
(Katsnelson, 2010). Arsenic is so similar to phosphorus that a recent study has shown 
evidence for arsenate substitution for phosphate in macromolecules, such as nucleic 
acids and proteins in a member of the Halomonadaceae family of proteobacteria 
extracted from Mono Lake in California (Wolfe-Simon at a!., 2011). The toxicity and 
influence of arsenic on the human body will be discussed in sections 1.4 and 1.5.
1.1.1 Arsenic species
In the Earth’s crust arsenic is widely found in oxidation states +5, +3, 0 and -3, often as 
sulphides, metal arsenides or arsenates (W HO, 2008). In natural waters As is prevalent 
as the oxy-anions trivalent arsenite (H3ASO3) or pentavalent arsenate (H3ASO4)
Chapter 1: Introduction
(Mandai & Suzuki, 2002). The type of arsenic species present strongly influences 
toxicity and the inorganic arsenic species typically have the greatest toxicity (section
1.4.1). The structures of the most common arsenic species found in the environment 
are shown in Figure 1.1.
Inorganic arsenic compounds can be methylated in biological systems as part of the 
detoxification process (Roy & Saha, 2002; Song et al., 2010). Other arsenic species, 
including arsenobetaine (AsB), arsenocholine (AsC), trimethylarsine oxide (TMAO) and 
arsenosugars have been found in biological systems (Maher et al., 1999; Kirby & 
Maher, 2002; Van Hulle et al., 2002).
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Fig. 1.1: Structures of the most common arsenic compounds in the environment 
(O’Reilly, 2010).
1.1.2 Arsenic geochemistry
The mobility of arsenic between different environmental compartments is strongly 
influenced by its geochemistry. Two key factors are pH and redox potential (Eh) due to 
their influence on arsenic spéciation and ionic charge (Fig. 1.2) (Mohan & Pittmann, 
2007). Elements, such as arsenic, which occur as anionic species in aqueous systems 
become more mobile in alkaline conditions due to the decreasing positive surface 
charge on soil colloids. However, this presumes that the elemental species maintains a 
negative charge in acidic conditions. Arsenite and arsenate have significantly different 
pKa values (Table 1.1). Therefore, under the common pH range found in aquifers (pH 
range: 6 - 9 )  and soils (pH range: 4 -  8 ), arsenate occurs in either its mono- or di­
valent state (Lièvremont et al., 2009). In contrast the trivalent arsenic species, arsenite, 
predominantly exists as the uncharged species (HgAsOs )^ and is less subject to 
electrostatic sorption and is therefore more mobile than arsenate (Tack, 2010). The 
amount of arsenic adsorption onto soil particles is not only impacted by the effect of pH
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on the elemental species but also its impact on the surface itself. Gao et al. (2006) 
investigated the effect of pH on arsenate adsorption onto different mineral surfaces. 
Arsenate adsorption onto Fe and AI oxides and hydroxides was highest under acidic to 
neutral pH levels. In contrast, arsenate adsorption onto calcite reached a maximum at 
pH 10 to 12.
Table 1.1: The pKa values for arsenate, arsenite, monomethylarsonic acid and 
dimethylarsinic acid (Sharma & Sohn, 2009).
Species pKai PKB2 pKas
Arsenate (iAs^) 2.3 6.8 11.6
Arsenite (iAs'") 9.2 12.1 12.7
Monomethylarsonic acid (MA^) 4.1 8.7 -
Dimethylarsinic acid (DMA^) 6.2 - -
Trace elements tend to be less mobile in reducing conditions than in oxidising 
conditions (Tack, 2010). However, the effect of redox potential on arsenic mobility is 
complex. Under oxidising conditions iAs"' will be converted to iAs ,^ thus increasing the 
adsorption of arsenic to metal-oxides in the surrounding soils and sediments. In 
contrast, under reducing conditions iAs  ^ will be reduced leading to desorption 
(Smedley et al., 2003). Under such conditions, reductive dissolution of Fe and Mn 
oxides can occur. This, in turn, releases the As combined in the mineral structure, as 
well as the As adsorbed on the surface of the oxide into the aqueous system 
(Lièvremont et al., 2009). The redox conditions of an aquifer can be influence by 
several factors. For example, the sediment type around some aquifer systems can 
restrict the diffusion of atmospheric oxygen, thus limiting oxidation (Smedley et al.,
2003).
Microbial processes can also promote reducing conditions as the microbial degradation 
of organic matter consumes dissolved oxygen, and some studies have shown that the 
shift from aerobic to anaerobic conditions is the most common pathway of As release 
into an aqueous system (Lièvremont et al., 2009). Biological processes are also 
believed to impact arsenic spéciation in sea water. Thermodynamic calculations predict 
that the ratio of iAs  ^ to iAs'" should be 10^ ® to 1 for oxygenated sea water at pH 8.1, 
whereas in reality the ratio ranges between 0.1 to 1 and 10 to 1. The high proportion of 
iAs'" is believed to be partly due to biological reduction of iAs  ^ (Mandai & Suzuki, 
2002).
1.2 Arsenic in the Environment
Arsenic is a naturally occurring element and is distributed ubiquitously throughout many 
environmental compartments. There is an estimated 4.01 x 10^ ® kg of arsenic in the 
Earth’s upper crust (Bissen & Frimmel, 2003), with levels reaching between 1 to 2
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mg/kg (Lièvremont et al., 2009). Geochemically arsenic is associated with sulphurous 
minerals of iron and various other metals, including Au, Ag, Cu, Sb, Ni and Co 
(Lièvremont et al., 2009). Naturally elevated levels of arsenic in soil/sediment (section
1.2.1), water (section 1.2.2) and plants (section 1.2.3) can occur due to volcanic activity 
and/or mineralisation (Mandai & Suzuki, 2002; Bissen & Frimmel, 2003). In addition, 
anthropogenic activities, such as agriculture (section 1.2.4) and mining (section 1.2.5) 
can increase the amount of arsenic in these environmental compartments. Large 
quantities of arsenic have been extracted for industrial use each year with over 30000 
tonnes of elemental As extracted globally in 1995 (Matschullat, 2000). Arsenic has 
many industrial uses including pesticides, insecticides, wood preservatives, aquatic 
weed control and livestock dipping to control lice and flees (Bhattacharya et al., 2007). 
Until the 1970’s approximately 80 % of extracted arsenic was used in pesticides 
(Matschullat, 2000). However, since the 1980’s, use of arsenic-based products in 
agriculture has gradually declined due to increased awareness of the toxicity of arsenic 
compounds (Bhattacharya et al., 2007).
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Fig. 1.2: Eh-pH diagram for arsenic at 25 °C and 101 kPa (Mohan & Pittmann 2007): 
H3ASO4  = arsenic acid (arsenate); H3ASO3 = arsenous acid (arsenite); ASH3 = arsine; 
AS2 S3  = arsenic trisulphide.
1.2.1 Soils and sediments
Arsenic occurs in over 200 different mineral forms of which approximately 60 % are 
arsenates, 2 0  % sulfides and sulfosalts and the remaining 2 0  % includes arsenides 
(As^), arsenates, oxides, silicates and elemental arsenic (Mandai & Suzuki 2002; 
Drahota & Filippi 2009). The most common minerals are arsenopyrite (FeAsS), 
orpiment (AS2S3), and realgar (AsS) (Lièvremont et al. 2009). The parent rock type is a
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principle factor in trace element content of soils (Yan-Chu, 1994). Garcia-Sanchez & 
Alvarez-Ayuso (2003) investigated the arsenic content of soils and the parent rock 
base in the Salamanca Province of Spain. The arsenic content varied between rock 
types, but also varied within the same rock type with higher levels occurring within a 
close proximity to mineralised quartz veins containing pyrite or arsenopyrite. The 
arsenic levels in the soils did partly correlate with the levels in the parent rock, with the 
lowest levels found in soils based on sedimentary rock (Table 1.2).
Table 1.2: Arsenic level in parent rock and corresponding soil, Salamanca Province, 
Spain (Garcia-Sanchez & Alvarez-Ayuso, 2003).
Parent Rock Type Arsenic In parent rock (mg/kg)
Arsenic In corresponding soli 
(mg/kg)
Granite <0 .2 -102 < 0.2 -  55
Metamorphic < 0.2 -  55 < 0.2 -  59
Sedimentary < 0 .2 -1 6 < 0 .2 -1 7
Trace elements are distributed over several soil compartments (Fig. 1.3). The solid soil 
phase contains a major fraction of the trace element content. Within the solid phase, 
trace elements can be present adsorbed onto, or complexed with, solid-phase 
components or they could be occluded. The fraction that is adsorbed or complexed is 
readily exchangeable with the soil solution phase (Tack, 2010) and it is the solution 
phase that is immediately available for plant uptake (Whitehead, 2000). Trace elements 
can exist in the soil solution as hydrated cations, oxyanions, inorganic/organic 
complexes, colloids or as suspended particulate material (Tack, 2010). Within the 
solution phase, elements can be present in more than one chemical form or species 
and spéciation can vary with pH, redox potential (section 1.1.2) and also the presence 
of organic complexing agents (Whitehead, 2000).
Considerable variation in soil arsenic concentrations around the world occur due to soil 
type and physicochemical parameters (Table 1.3). Another factor affecting arsenic 
levels is the presence of volcanic ash layers. These layers can contribute to or 
generate high arsenic levels in water, potentially due to their acidic and reactive nature 
promoting low pH levels (Duker et al., 2005). Volcanic eruptions along the western 
flank of Argentina (Andes mountain range) and the prominence of the westerly winds 
have developed volcanic ash layers within the structure of the soil and rocks. Levels of 
arsenic within the volcanic ash and glass layers have been reported as 6  mg/kg Asj 
(Bundschuh et al., 2004) and 6 . 8  to 10.4 mg/kg Asj (Smedley et al., 2005), 
respectively. This has been reported to contribute to the high arsenic levels in 
groundwater sources in several aquifers, particularly within the Chaco-Pampean Plain
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(Smedley et al. 2002; Bundschuh et al., 2004; Bhattacharya et al., 2006; Heredia & 
Cirelli, 2009).
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Soil
Surface
complexation
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Precipitation
Soil Solution 
free ion organic complexes
^  ^  inorganic complexes ^  
bound/sorbed to suspended solids \
Plants
Microorganisms
Occluded Leaching
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Fig. 1.3: Trace element distribution within soil compartments (adapted from Tack, 
2010).
1.2.2 Water (surface, ground and sea)
Arsenic is found in low concentrations in natural water, with freshwater concentrations 
typically ranging from 1 to 1 0  pg/l Asy and sea water concentrations from 1 to 8  pg/l 
Ast (Mandai & Suzuki, 2002). The level of arsenic in water depends on the soil/rock 
composition, physico-chemical parameters and microbial processes. The mobilisation 
of arsenic is particularly dependent on the physicochemical parameters of the aqueous 
system (section 1.1.2), and high As levels in the surrounding soils does not necessarily 
correspond to high dissolved As levels. Arsenic levels in water can vary significantly 
between locations. Literature values for different countries are reported in Table 1.4.
Groundwater aquifers are a prominent source of arsenic contaminated drinking water, 
and create some of the most serious occurrences of arsenic exposure involving large 
populations (e.g. West Bengal and Bangladesh) (Duker et al., 2005). High arsenic 
levels in Bangladesh (Table 1.4) have been linked with bacterial reductive dissolution 
of iron oxyhydroxides (Hasan et al., 2009; Selim Reza et al., 2010^). Similar reducing 
conditions leading to elevated arsenic levels in aquifers have been documented in 
Hungary, Inner Mongolia and Vietnam (Varsanyi & Kovacs, 2006; Berg et al., 2007; 
Smedley et al., 2003). In Argentina, elevated levels of arsenic have been reported in 
aquifers with moderately reducing to oxidising conditions (Smedley et al., 2002; 
Bundschuh et al., 2004; Warren et al., 2005; Bhattacharya et al., 2006; Garcia et al., 
2007). Under these conditions reductive dissolution of Fe and Mn oxides is unlikely to
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Table 1.3: Soil, sediment and pore water (soil solution) arsenic concentrations reported 
in the literature.
Country Soil/Sediment Type Arsenic Levels Reference
Soils (mg/kg Ast)
China - 1.29-25.38 (dw) Huang at al. 2006
Denmark Loamy sand 6 .5-917 (dw) Helgesen & Larsen 1998
Metamorphic base 1 .3 -55  (dw) BaronI at al. 2004
Italy
Messlnlan sands/gravels 
Quaternary alluvial deposits 
Calcareous tufa
4 -3 9  
142-1157 
83 -  243
Costagllola at al. 2010
Volcanic ash deposits 1 5 -3 0  (dw) Martinez Cortlzas at al. 2003
Luxumberg - 9 -  278 (dw) Horckmans at al. 2005
Nepal Calcic, eutric Fulvlsol 6 .4-16.7 (dw) Dahal at al. 2008
New Zealand Sand/Sllt < 2 -5 8  (dw) Gaw at al. 2006
Pakistan - 8.7-46.2 (dw) Arain at al. 2009®
Sediment (mg/kg Ast)
Argentina Sllt/Sand 5.4 -  37 (dw) Smedley at al. 2005
Bangladesh
Clay/Slit layer 
FIne/Medlum Sand 
Silt
8-10.46 
0.08 -  7.92 
1.61-12.77
Anawar at al. 2003
Sandy layer 
Mud layer
2 - 5  
8 -3 7 Akal at al. 2004
Sllt/Sand/Clay 1 -  55 (dw) Sellm Reza at al. 2010^
Belgium Clay/Sand 2.3-140.2 (dw) Chapagain at al. 2009
Brazil - 0.6 -  62.5 (dw) MIrlean at al. 2003
Chile - 39 -  2344 (dw) Oyarzun at al. 2004
Pakistan - 11.3-55.8 (dw) AraIn at al. 2009
UK - < 1 -1 3 5  (dw) Whalley atal. 1999
Pore Water (pg/l Ast)
Argentina Sllt/Sand < 2 0 -  7490 Smedley at al. 2005
Austria Calcic camblsol 141 -186 Pongratz 1998
dw = dry weight; fw = fresh weight (unless not specified In literature).
be the principle mechanism of As release. A distinct correlation between As levels and 
pH has been documented, indicating desorption of As from Fe and Mn oxides at 
alkaline pH (pH > 8 ) as a potential mechanism (Smedley et al., 2002; Bundschuh et al., 
2004; Warren et al., 2005; Bhattacharya et al., 2006; Garcia et al., 2007). Recharge of 
aquifers by irrigation water with high organic material content may also cause localised 
reducing conditions, such as those observed in the Rio Dulce aquifer by Bhattacharya 
et a i (2006).
Surface water (lakes and rivers) are also a source of drinking water in many countries 
and can contain levels of arsenic exceeding the World Health Organisation (WHO)
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guideline limit (10 pg/l Asy) (WHO, 2008). Seasonal variations in arsenic levels have 
been observed with increases in arsenic levels over summer periods (McLaren & Kim, 
1995; Masson et al., 2007; Hasegawa et al., 2010). This seasonal variation may be 
explained by an increase in water temperature leading to increased microbial activity 
and, therefore increased reduction of iAs  ^to iAs'", the more mobile of the two species 
(Masson et al., 2007). Biological activity can also impact the type of arsenic species 
present with aquatic organisms converting inorganic arsenic into organoarsenicals 
during the summer period (Hasegawa et al., 2010). Flooding can also induce 
(anaerobic) reducing conditions in soils leading to increased arsenic content in the 
water (Duker et al., 2005), such as the increase from 2.8 to 5.9 pg/l Asy observed in 
the Garonne river (France) after flooding in December 2003 (Masson et al., 2007).
Higher arsenic levels have been observed in ground and surface waters associated 
with geothermal or volcanic activity (Table 1.4). Geothermal reservoirs have been 
found to contain arsenic levels up to 50000 pg/l Asy (Ballantyne & Moore, 1988). 
Natural surface manifestations such as hot springs and fumaroles typically have lower 
arsenic levels. However, Birkle and Merkel (2000) recorded up to 4000 pg/l Asy in 
geothermal springs at Los Azufres on the Trans-Mexican Volcanic Belt (TMVB) and 
Pope et al. (2004) recorded 5210 pg/l Asy in a geothermal pool in Waiotapu, New 
Zealand. Some volcanic springs are partly composed of water from crater-lakes. 
Sriwana et al. (2000) reported 147 to 858 pg/l Asy in the acidic crater-lake (Kawah 
Putih) of the Patuha volcano in Indonesia, and found that the lake made small 
contributions to geothermal springs on the flanks of the volcano. The Copahue crater- 
lake in Argentina, however, contains much higher arsenic levels (4780 pg/l Asy) and 
forms the El Vertedero spring on its flank, the source of an acidic river (rio Agrio) 
(Gammons et al., 2005).
1.2.3 Plants
Plants obtain essential nutrients from the environment around them and uptake trace 
elements from the soil solution. Factors, such as pH, that affect the solubility of trace 
elements in soils, will also affect the uptake by plants (Tack, 2010). Soil type and 
physicochemical properties are therefore important factors in controlling the levels of 
trace elements found in plants. However, plant-specific mechanisms for the uptake and 
tolerance to trace elements will play a major role and leads to wide variations in trace 
element levels in plants grown under the same conditions (Tack, 2010). Warren et al.
(2003) investigated arsenic uptake in crops grown in As-contaminated soils in Cornwall 
(UK) and found 0.49 mg/kg Asy (dry weight, dw) in spinach leaves but 14.4 mg/kg Asy 
(dw) in radish leaves grown in the same conditions. A relative measure of the transfer
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Table 1.4: Previously reported arsenic levels in ground, surface and sea water in 
different countries.
Country Arsenic (pg/l) Reference(s)
Ground Water
Argentina <4-14969
NIcolll et al. 1989; Sbarato & Sanchez 2001; Smedley et al. 
2002; Bundschuh et al. 2004; Warren et al. 2005; 
Bhattacharya at al. 2006; Garcia at al. 2007; Heredia & CIrelll 
2009; O’Reilly 2010.
Bangladesh < 1 -  2500
Anawar at al. 2002; Das at al. 2004; BIbl at al. 2008; Dhar at 
al. 2008; Shamsudduha at al. 2008; Hasan at al., 2009; Sellm 
Reza atal. 20
Cambodia < 1 -1610 Berg atal. 2007; Buschmann atal. 2008; Rowland atal. 2008
China <1 -1480 Smedley at al. 2003
Greece 1-1840 Kouras at al. 2007
Hungary < 10-88 LIndberg at al. 2006; Varsanyi & Kovacs 2006
India < 10-6000
Das at al. 1994; Mandai at al. 1998; Pandey at al. 2002; 
Rahman at al. 2005; Roychowdhury at al. 2005; Ahamed at 
al. 2006; Nath at al. 2008; Kumar atal. 2010
Mexico 3 -6 2 4 Del Razo at al. 1990; Meza at al. 2004
Pakistan 13-106 Arain at al. 2009®; Baig at al. 2009
Romania < 1 0 -95 LIndberg at al. 2006
Slovakia < 1 0 -3 9 LIndberg at al. 2006
Spain <0 .2 -51 Garcia-Sanchez & Alvarez-Ayuso 2003
USA < 1 -  3000 Welch & LIco 1998; Peters at al. 2006; Thundlyll at al. 2007; Verplanck at al. 2008
Vietnam < 1 -  3050
Berg at al. 2007, 2008; Buschmann at al. 2008; Jessen at al. 
2008; Larsen at al. 2008; Nguyen & ltd 2009; Nguyen at al. 
2009, Hoang atal. 2010
Surface Water
Argentina < 5 - 9 Garcia at al. 2007
France 0 .5-5 .9 Masson at al. 2007
New Zealand 16-62.7 McLaren & Kim 1995;
Pakistan 3-157 Arain at al. 2009; BaIg at al. 2009
Spain <0 .2 -51 Garcia-Sanchez & Alvarez-Ayuso 2003
Volcanic/Geothermal Surface Water
Argentina <5-10980 Gammons at al. 2005; Varekamp at al. 2009
Canada 5 -3 0 0 Koch 1999
New Zealand 5210 Pope at al. 2004
Sea Water
Arabian Sea 3.9-4 .8 Karthlkeyan atal., 1999
Australia 0.39-1.61 Maher, 1985; Munksgaard & Parry 2001
Brazil 0.86-1.2 Correia atal. 2010
Papua New 
Guinea 2 .5-8 .4 Price & PIchler, 2005
1 0
Chapter 1: Introduction
of trace elements from the soil to the plant, which is both element and plant specific, 
can be made and is expressed as a transfer factor (TF) (Eq. 1.2).
TF = concentration in the plant 
concentration in the soil
Eq. 1.2: The calculation of the transfer factor (TF) as a measure of the transfer of trace 
elements from the soil to a plant (Tack, 2010)
Warren et al. (2003) reported transfer factors for a range of vegetables grown in As- 
contaminated soil in the UK, with values ranging from 0.00015 (peeled potato) to 
0.0316 (radish skin). Reported transfer factors for vegetables grown in China are also 
much lower, ranging from 0.00004 (cauliflower) to 0.020 (rice) (Huang et a!., 2006). 
Huang et ai. (2006) also calculated transfer factors using the available arsenic 
concentration and found this increased the transfer factors (range: 0.0006 to 0.44). 
Transfer factors typically use solid-phase soil levels within the calculation and do not 
take into account the amount of available arsenic in the soil solution. Therefore low 
transfer factors may indicate low element mobility from the solid-phase to the soil 
solution. By using the concentration of arsenic available in the soil-solution Huang et ai.
(2006) minimised the contribution of soil mobility factors and focused on the ability of 
plants to uptake trace elements.
Arsenic accumulation in crops is a potential exposure pathway to arsenic for humans 
and livestock. The World Health Organisation (WHO) and Food and Agricultural 
Organisation of the United Nations (FAO) established a provisional tolerable weekly 
intake (PTWI) of 15 pg As/kg body weight, however recently retracted this and has 
been unable to establish a new guideline (IPGS, 2009). Furthermore, a European 
Food Safety Authority (EFSA) panel, ‘Contaminants in the Food Chain’, determined 
that the PTWI set by the WHO/FAO is no longer appropriate and called for a lower limit 
to be established (EFSA, 2009). Several studies have investigated arsenic levels in 
vegetables grown on arsenic contaminated soil, or irrigated with arsenic contaminated 
water (Table 1.5).
Arsenic can not only impact humans via the crop-human exposure pathway but has 
also been reported to adversely affect crop growth and yield (Rahman et a!., 2007). 
Arsenic can be phytotoxic and can cause chlorosis {abnormal loss of leaf colouration) 
and/or necrosis {cell death) in some plants. Cao et al. (2009) found that both chlorosis 
and necrosis occurred in Scutellaria baicalensis Georgi plants when the soil was spiked 
with concentrations greater than 400 mg/kg As, however, at levels below 400 mg/kg 
As, root growth was enhanced and no plant abnormalities occurred. Carbonell- 
Barrachina et al. (1997) investigated the phytotoxicity of iAs'" to tomato {Lycopersicum
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esculentum Mill) and bean {Phaseolus vulgaris L.) plants and found that the tomato 
plant was more tolerant than the bean plant in a 5 mg/l As solution. The tomato plant 
accumulated iAs'" in the roots (748 mg/kg As, dw) and limited transport of the toxin to 
the leaves (19.9 mg/kg As, dw) and fruit (0.41 mg/kg As, dw). In contrast, the bean 
plant readily transported IAs'" from the root (43.1 mg/kg As, dw) to the leaves (27.2 
mg/kg As, dw) and the fruit (3.3 mg/kg As, dw). The accumulation of arsenic in the 
roots of plants has been observed in other studies (Baroni et al., 2004; Das et al., 
2004; Dahal et al., 2008) and may be a mechanism used by plants to reduce the toxic 
effects of arsenic.
Table 1.5: Literature arsenic levels in selected crop samples grown in As-contaminated 
soil or irrigated with As-contaminated water.
Crop Type Arsenic Source (mg/kg or *mg/l)
As In plant 
(mg/kg) Reference
*Water: < 0.005 -  1.01 0.06 -  0.21 (dw) Dahal et al. 2008
Rice (grain) Soil: 1.3 -  25.3 (dw) 0.041 -  0.201 (fw) Huang at al. 2006
Soil: 7.3 -  27.3 (dw) 0.04 -  0.27 (dw) Das at al. 2004
Wheat (grain) *Water: 0.035-0.157 0.317 (dw) Arain at al. 2009®
Carrot (root)
*Water: 0.035-0.157 
Soil: 6.5 -  338 (dw)
0.135 (dw) 
<0.098-1.85 (dw)
Arain at al. 2009®
Helgesen and Larsen 
1998
*Water: 0.035-0.157 0.048 (dw) Arain at al. 2009®
Onion (bulb) *Water: < 0.005 -  1.01 <0.01-1 .02 (dw) Dahal at al. 2008
Soil: 1.3-25.3 (dw) 0.005-0.157 (fw) Huang at al. 2006
*Water: 0.035-0.157 0.256 (dw) Arain at al. 2009®
Potato (tuber)
*Water: < 0.005 -  1.01 
Soil: 489 -  1184 (dw)
< 0.01 (dw) 
0.10 (dw)
Dahal at al. 2008 
Warren at al. 2003
Soil: 7.3 -  27.3 (dw) 0.07-1.39 (dw) Das at al. 2004
Spinach (leaf) ‘Water: 0.035-0.157 0.90 (dw) Arain at al. 2009®
Water Spinach (leaf) Soil: 1.3-25.3 (dw) 0.009-0.110 (fw) Huang at al. 2006
Radish (tuber)
Soil: 1.3-25.3 (dw) 
Soil: 489 -  1184 (dw)
0.004-0.016 (fw) 
8.39 (dw)
Huang at al. 2006 
Warren at al. 2003
dw = dry weight; fw = fresh weight (unless not specified in literature)
Some plant species have been found to hyperaccumulate arsenic. Although the term 
hyperaccumulater is not clearly defined with respect to arsenic, it is generally accepted 
as a description for a plant that accumulates more than 1000 mg/kg As (dw) in 
aboveground biomass and has a higher concentration of As in aboveground biomass 
than there is in the roots or the soil (Srivastava et al., 2006). The first known arsenic 
hyperaccumulator was the fern Pteris vittata. This plant accumulated 7849 mg/kg As in 
the fronds over a 2 week period of contact with soil containing 500 mg/kg As and
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22630 mg/kg As after 6  weeks (Ma et al., 2001). Additional hyperaccumulating ferns 
within the Pteris genus have been identified including P. cretica, P. longifolia, P. 
unbrosa (Zhao et al., 2002), P. biaurita, P. quadriaurita, and P. ryukyuensis (Srivastava 
et al., 2006). Pityrogramma calomelanos has also been reported as a 
hyperaccumulater (Francesconi et al., 2002). Hyperaccumulating ferns are of particular 
interest due to their potential utilisation in arsenic remediation. The use of plants would 
provide an economical method for the removal of arsenic from soil and drinking water. 
The rapid uptake of large quantities of arsenic over a matter of weeks is of particular 
importance (Huang et al., 2004; Srivastava et al., 2006).
1.2.4 Agriculture
Arsenic compounds such as, calcium arsenate, lead arsenate, sodium arsenate and 
arsenic trioxide were commonly used as pesticides and herbicides throughout the 2 0 ‘" 
century (Qi & Donahoe, 2008; Fitzmaurice et al., 2009). In the late 1980’s the United 
States Environmental Protection Agency (USEPA) banned the use of many inorganic 
arsenic-based pesticides following increased concern about the impact of arsenic on 
human health (Datta et al., 2006). However, after the cessation of arsenic- 
pesticide/herbicide application high levels of arsenic have remained in the soil even 
after several decades (Datta et al., 2006). Qi and Donahoe (2008) investigated an 
industrial site five decades after a single application of an arsenic trioxide herbicide and 
found that the soil still contained 316 mg/kg Asy (dw). Organo-arsenical compounds are 
considered non-carcinogenic and have replaced many inorganic arsenic 
pesticides/herbicides as they are considered safe. However, Datta et al. (2006) found 
that organo-arsenicals can be converted into potentially toxic inorganic arsenic 
compounds within the human gastrointestinal system, thereby questioning the validity 
of the current USEPA policies allowing the agricultural use of organo-arsenicals.
Wood preservation is a major application of inorganic arsenic pesticides, to protect 
wood against bacterial, fungal and insect attack (Bhattacharya et al., 2002). Chromate 
copper arsenate (CCA) is still commonly used in wood preservation in several 
countries and contamination of the surrounding area can occur at preservation sites 
due to raw material handling, spills, deposition of sludge and leaching from 
impregnated wood (Bhattacharya et al., 2002). Hasan et al. (2010) found that As can 
leach from weathered CCA treated wood at a rate of 100 mg Asy/year and Kim et al.
(2007) reported 128 mg/kg Asy (dw) in soil surrounding a CCA-treated structure in 
Korea after one year, compared to 6.27 mg/kg Asy (dw) in control soil.
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1.2.5 Mining
Extensive requirements for arsenic in industry led to increased mining for arsenic ore. 
The exposure of arsenic-containing minerals to weathering and the deposition of waste 
material has led to elevated As levels in soils surrounding As-mines in countries such 
as Mexico (Ongley et al., 2007) and Spain (Garcia-Sanchez et al., 2010). Arsenic 
contamination can also be found near gold (Asante et al. 2007), copper (Bech et al.,
1997), tungsten (Garcia-Sanchez et al., 2010), silver (Kwong et al., 2007), uranium 
(Mkandawire & Dudel, 2005), lead (Patinha et al., 2004) and zinc (Ongley et al., 2007) 
mines. These elements can occur within sulphide-minerals and are often associated 
with veins of arsenopyrite (FeAsS) mineralisation (Bech et al., 1997; Eapaea et al., 
2007).
An increased level of arsenic around mines occurs due to extensive weathering of 
exposed rock surfaces and mine tailings. Several studies have shown that arsenic 
contamination of soils and sediments decreases with increasing distance from mine 
tailing dumps (Garcia-Sanchez & Alvarez-Ayuso, 2003; Ongley et al. 2007). Elevated 
levels of arsenic have also been reported in surface water sources located near to 
mines (Garcia-Sanchez & Alvarez-Ayuso, 2003; Mkandawire & Dudel, 2005, Kwong et 
al., 2007). However, the physicochemical parameters of the water can impact the 
availability of arsenic (section 1 .1 .2 ) and low arsenic levels have been reported in 
drainage water near high-As mine tailings (Patinha etal., 2004).
High levels of arsenic have been recorded in soils and sediments near mines in Central 
and South America. In Mexico 4 to 14700 mg/kg Asy (dw) was detected in soils near 
Pb, Zn and As mines, and the associated tailings and slag heaps (Ongley et al., 2007). 
Oyarzun et al. (2004) also reported high As levels (range: 55 -  2344 mg/kg Asy, dw) in 
sediments surrounding an Au mine in Chile. As previously mentioned in section 1.2.3, 
arsenic in soil/water can be taken up by plants leading to potentially toxic levels in the 
plants. High arsenic levels (range: 111 -  1651 mg/kg Asy, dw) were reported in plants 
growing in high As soils (range: 143 -  7670 mg/kg Asy, dw) surrounding a Cu mine in 
Peru (Bech et al., 1997). Phytoxicity was observed in crops and vegetation 
downstream from the Cu mine, as well as health problems in humans and cattle (Bech 
et al., 1997). Ongley et al. (2007) also reported arsenic-related health problems in 
communities surrounding mines where As-contamination has occurred.
1.3 Arsenic in Argentina
Argentina lies in the southeast of South America and covers approximately 2.8 million 
km  ^(Fig. 1.4). It shares borders with Chile to the west, Bolivia to the north, Paraguay, 
Brazil and Uruguay to the northeast and the Atlantic Ocean to the west (McCloskey,
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2007). The climate of Argentina varies dramatically from subtropical in the north to arid 
in the southeast, from mild and humid in the Pampas to sub-Antarctic in southern 
Patagonia (McCloskey, 2007).
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 1.4: Map of South America showing the position of Argentina (WA, 2012).
Arsenic-related skin disorders were first reported in Argentina in 1917 (Nicolli et al., 
1989; Smedley et al., 2002). However, the origin of the arsenic problem wasn’t 
systematically investigated until the 1980’s (Nicolli et al., 1989). Argentina has one of 
the largest arsenic affected areas in the world (Nicolli et al., 2012^). It is estimated that 
an area of approximately 10® km^ of the Chaco-Pampean plain has groundwater with 
elevated arsenic levels (Smedley et al., 2002). The scale of the problem is still not fully 
understood. However, it is believed that a rural population of 2 to 8  million people could 
be exposed to high arsenic levels (Nicolli et al., 2012®). Furthermore, the socio­
economic development of the region is restricted by water availability due to limited 
annual precipitation and low water quality due to high salinity and elevated levels of 
toxic elements (Nicolli et al., 2012®).
Extensive research has been conducted in many of the provinces located in the Chaco- 
Pampean plain and arsenic levels ranging from below 4 to 14969 pg/l A s j have been 
reported (Table 1.4). Significant intra- and inter-basin variability has been observed 
(Nicolli et al., 2012®). Variation in arsenic, and other trace element, levels can occur 
due to pH changes, variations in annual precipitation, as well as variations in soil type 
and chemical composition (Blanco et al., 2012). Localised variations in arsenic levels 
can occur due to changes in flow movement, residence times, well depth and
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physicochemical parameters (Smedley et al., 2002; Bundschuh et al., 2004; Blanco et 
al., 2012). High arsenic levels have been reported in shallow aquifers, depressions and 
areas with low hydraulic gradients (e.g. flat lands) due to minimal flow, leading to long 
residence times, as well as direct evaporation (Blanco et al., 2006; Nicolli et al., 2010). 
Shallow aquifers may also be impacted by the infiltration of irrigation water carrying 
excess organic material. The addition of this material can cause increased reducing 
conditions in the uppermost part of the aquifer leading to elevated amounts of reductive 
dissolution (Bhattacharya etal., 2006).
Table 1.6: Arsenic levels (minimum, maximum, mean) in soil, sediment, volcanic ash 
and volcanic glass samples from Argentina reported in published research.
Type
Arsenic Content (mg/kg)
Referencer r O V in c ©
Min Max Mean
Loess Soils
La Pampa
3
4.6
18
24.6
8
7.4
Smedley et al. 2005 
O’Reilly 2010
Tucuman - - 10 Garcia at al. 2007
Soils
Buenos Aires 8.8 29 - Blanco at al. 2006
San Juan 6.0 32.1 19.8 O’Reilly 2010
Cordoba - - 16.7 Smedley at al. 2005
San Juan 5.8 34.5 18.7 O’Reilly 2010
Buenos Aires 4.3 8.3 - Blanco at al. 2012
Sediment
Tucuman
5.8 37.2
4 Garcia at al. 2007 
Nicolli ef a/. 2012®
Rio Negro
3.7
5.2
6.5
10.4
4.4 O’Reilly 2010 
Arribére at al. 2003
Neuquén
- - 12
4.2
Arribére at al. 2003
Volcanic ash
La Pampa 7 12 - Smedley at al. 2005
Santiago del Estero - - 6 Bundschuh at al. 2004
Volcanic Glass Cordoba 6.8 10.4 - Nicolli at al. 2012®
Min. = minimum: Max. = maximum
The exact source of arsenic in Argentina remains ambiguous (Blanco et al., 2012). 
Volcanic ash layers are present in many areas of the Chaco-Pampean plain 
(Bundschuh et al., 2004; Bhattacharya et al., 2006; Nicolli et al., 2012®) and loess-type 
deposits can contain 10 to 25 % of volcanic ash in dispersed form (Bundschuh et al., 
2004). Arsenic in groundwater shows strong correlations with F, V and B, and it is 
believed that this is due to their common origin in volcanic ash (Bhattacharya et al.,
2006). Volcanic ash and glass are generally believed to be the principle source of 
arsenic (Bhattacharya et al., 2006). However, Bundschuh et al. (2004) found no 
relationship between the arsenic distribution in groundwater and the position of 
volcanic ash layers. Furthermore, studies have shown that other mineral constituents of 
soil and sediment, such as Fe and Mn (hydr)oxides also contribute to the arsenic
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content of groundwater across the Chaco-Pampean plain (Smedley et al., 2005; Blanco 
et al., 2012). Typical arsenic levels in ash, soil and sediment from Argentina are 
presented in Table 1.6 .
Elevated levels of arsenic are also present in the geothermal regions of Argentina 
(Hudson-Edwards & Archer, 2008; Farnfield et al., 2012). Arsenic levels ranging from 
208 to 9490 pg/l Asy were reported in geothermal springs near San Antonio de los 
Cobres (Salta Province). These springs feed into the rio (river) San Antonio de los 
Cobres elevating arsenic levels up to 1180 pg/l Asy (Hudson-Edwards & Archer, 2008). 
Similarly, in Caviahue (Neuquén Province) the rio Agrio contains elevated arsenic 
levels (range: 179 -  359 pg/l Asy) due to input from the el Vertedero spring on the flank 
of the Copahue volcano (3783 pg/l Asy) (Farnfield et al., 2012). The rio Agrio is 
discussed further in section 3.4.
Three provinces of Argentina, South America, were investigated in this research study: 
Neuquén, La Pampa and Rio Negro. The relevant environmental background 
information for each of these locations will be discussed in detail within Chapter 3.
1.4 Arsenic in the Human Body
Arsenic can play an important complex role in many biological systems. Although 
debated, arsenic has not been demonstrated to be essential and the toxicity of As has 
been widely documented (Hughes, 2002; WHO, 2008). Exposure to arsenic can occur 
via three routes: inhalation of air, ingestion of food or water, and via dermal absorption 
(WHO, 2008). Globally, the greatest threat of As to public health is via drinking water, 
and a study has shown that 1 in 10 people drinking water containing more than 500 
pg/l Asy over many years may die of cancer attributable to arsenic (Smith & Hira Smith, 
2004).
1.4.1 Bioavailability and toxicity
Arsenic has been widely researched as a toxic element and the toxicity of arsenic is 
highly dependent on the type of species present (Hughes, 2002). The acute toxicity of 
inorganic arsenite (iAs'") is greater than arsenite (iAs^) (Table 1.7) and the overall lethal 
dose of inorganic arsenic (iAs) for a human adult is estimated as 1 to 3 mg/kg Asy 
(Hughes, 2002). The toxicity of arsenic species was generally believed to decrease 
upon méthylation, however studies on human hepatocytes (liver cells) have shown that 
the methylated iAs'" species monomethylarsonous acid (MA'") is more toxic than iAs'" 
or iAs  ^ (Patrick et al., 2000). In addition, it has been reported that both MA'" and 
dimethylarsinous acid (DMA'") are genotoxic and were found to be 77 and 386 times 
more potent than iAs'" respectively (Mass, 2001).
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Table 1.7: Experimental LD5 0  toxicity values for arsenic species in mice and hamsters 
(O’Reilly 2010; Hughes 2002).
Arsenic Species LD50 (mg /kg As)
Monomethylarsonous acid (MA'") 2
Arsenous acid (iAs'") 8
Arsenic acid (iAs^) 2 2
Dimethylarsinic acid (DMA^) 648
Monomethylarsonic acid (MA^) 916
Arsenobetaine (AsB) >4260
Arsenocholine (AsC) >6000
Arsenate has a similar structure and properties to phosphate (section 1.1), a key ion in 
biological systems (Dixon, 1996). Due to this similarity, iAs  ^ can replace phosphate in 
many biochemical reactions. The replacement of phosphate with iAs  ^ in enzymatic 
reactions can lead to the depletion of in vitro adenosine-5’-triphosphate (ATP) by a 
process called arsenolysis (Hughes, 2002). Furthermore, arsenate can also replace 
phosphate in the sodium pump and anion exchange transport system of the human red 
blood cell (Hughes, 2002). Arsenite, on the other hand, interferes with biochemical 
reactions by binding to thiol-containing molecules (Hughes, 2002). Arsenite, like 
arsenate, is also capable of depleting ATP production by binding to thiol-containing 
lipoic acid, a co-factor for pyruvate dehydrogenase (PDH) and studies have shown that 
MA'" is a more potent inhibitor of PDH than iAs'" (Patrick et a!., 2001). Although the 
binding of iAs'" to critical thiol-groups could lead to toxicity, binding to non-essential 
sites in proteins could be considered a detoxification mechanism (Hughes, 2002).
The toxicity of an element not only depends upon spéciation and interaction with 
biomolecules, it also depends on bioavailability. Bioavailability can be defined as the 
fraction of arsenic that is solubilised and is finally absorbed from the gastrointestinal 
(Gl) tract into the systemic circulation of humans and animals (Caussy, 2003). 
Bioavailability can be expressed in two terms: absolute bioavailability and relative 
bioavailability. Relative bioavailability takes into account the effect the matrix has on 
bioavailability and is thus important in environmental studies (Caussy, 2003). Assays 
have typically been used to estimate bioavailability, however these are limited as it is 
difficult to simulate human physiological conditions in artificially constructed systems. In 
vivo animal studies on arsenic from environmental matrices have been undertaken to 
overcome these limitations (Caussy, 2003). Early in vivo tests using small mammals 
and monkeys reported low arsenic bioavailability from soils (Caussy, 2003 & 
references within). Animal tests, however, have their own limitations as inter- and intra­
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species variation in arsenic metabolism can occur (Vahter, 1994; Aposhian, 1997; 
Drobna et al., 2004 & 2010). Swine are believed to have a similar mechanism for 
arsenic metabolism and excretion as humans (Lorenzana et al., 1996). Research using 
swine suggests that the bioavailability is dependent on the soil type, and recorded 
bioavailabilities range from 6.9 to 78 % (Lorenzana et al., 1996; Juhasz et al., 2007). 
Studies have suggested that the bioavailability of arsenic in soil is less than that in 
drinking water (Caussy, 2003 & references within). Human studies are limited due to 
the ethical considerations required. However, it has been established that soluble 
inorganic arsenic is readily absorbed from the GI tract and between 80 and 90 % of a 
single dose of IAs'", or lAs  ^ has been found to be absorbed (Caussy, 2003 & 
references within).
Food sources are also an important consideration for bioavailability studies, however 
few studies exist. Inorganic arsenic is known to occur in human food and a food basket 
survey in North America showed that inorganic arsenic constituted 21 to 40 % of the 
total diet (Yost et al., 1998). Juhasz et al. (2007) completed two In vivo studies using 
swine. In the first study they compared supermarket grown rice cooked in contaminated 
water with greenhouse grown rice irrigated with arsenic contaminated water. 
Bioavailability in the supermarket rice was high (89 %), due to the high presence of 
inorganic arsenic. The greenhouse grown rice, on the other hand, contained a high 
level of methylated arsenic and displayed low bioavailability (33 %). This is in 
agreement with an in vitro study completed by Laparra et al. (2005) who found 63 to 99 
% of the arsenic in rice cooked in arsenic contaminated water was bioaccessible. The 
second study completed by Juhasz et al. (2008) concentrated on vegetable 
consumption and they established that bioavailability of arsenic also varies between 
different crop types (mung beans > radish > lettuce = chard).
1.4.2 Metabolism
The metabolism of arsenic remains a much debated area of research due to its 
complexity and the number of chemical forms of arsenic involved (Aposhian et al., 
2004). Arsenate (lAs^) and arsenite (iAs'") have different transport pathways into cells 
due to their different properties at body pH. Arsenate is similar to phosphate and has 
been shown to use the phosphate carrier system across the cell membrane (Huang & 
Lee, 1996). Arsenite, on the other hand, is uncharged at body pH and was believed to 
diffuse across the cell membrane (Huang & Lee, 1996), however more recent research 
has suggested a transport system using aquaglyceroporins (AQP7 and AQP9) (Liu,
2002). Once within the cells iAs  ^ and IAs'" can either, interfere with biochemical 
reactions (section 1.5) or are metabolised and excreted in the urine (Aposhian et al., 
2004). Studies have shown that iAs  ^ uptake by cells is inhibited by the presence of
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phosphate and suggests that reduction of iAs  ^ to iAs'" occurs prior to cell uptake 
(Huang & Lee, 1996).
The metabolism process is generally believed to be a two-step sequential process 
involving reduction of iAs  ^and oxidative méthylation of iAs'" (Fig. 1.5) (Hughes, 2002; 
Aposhian et al., 2004). The main arsenic metabolite found in human urine is 
dimethylarsinic acid (DMA^), however monomethylarsonous acid (MA'") and 
dimethylarsinous acid (DMA'") have also been detected in human urine, suggesting 
that they are intermediates in the detoxification process (Aposhian et al., 2000; Le et 
al., 2000; Aposhian et al., 2004). The reduction of iAs  ^to iAs'" was initially believed to 
be a completely non-enzymatic process involving glutathione or other thiol compounds 
(Vahter, 2002; Aposhian & Aposhian, 2006). However, iAs  ^reductase activity has been 
detected in human liver (Radabaugh & Aposhian, 2000) and monomethylarsonic acid 
(MA^) reductase activity has been detected in rabbit liver (Zakharyan & Aposhian, 
1999) and in male hamster tissue (Sampayo-Reyes et al., 2000). This step can be 
considered as a bioactivation of arsenic within the body as arsenite has a greater 
toxicity than arsenate (Aposhian et al., 2004).
GSH
Arsenate (iAs^) -► Arsenite (iAs'") • ^  MA^
Qgl_l SAM ( GSH
DMA'" <----------------- DMA^ <--------------  MA'
SAM
Fig. 1.5: The proposed biotransformation pathway for inorganic arsenic involving 
reduction by Glutathione (GSH) and méthylation by S-adenosylmethionine (SAM) 
(adapted from Hughes, 2002 and Aposhian et al., 2004).
Oxidative méthylation of iAs'" is an enzymatic process and requires S- 
adenosylmethionine (SAM) and a methyltransferase (Vahter, 2002). Arsenite 
methyltransferase can methylate both iAs'" and MA'" and has been extensively isolated 
and purified from a number of animal species (Zakharyan et al., 1999; Healy et al.,
1998). Arsenite methyltransferase activity has not been observed in surgically removed 
human tissue, but has been found in Chang human hepatocyte cells (Zakharyan et al.,
1999). S-adenosylmethionine (SAM) is required in this process as a methyl donor 
(Vahter, 2002). Furthermore, methyltransferase activity is completely absent in some 
animal species (Vahter et al., 1995®; Zakharyan et al., 1996; Healy et al., 1997)
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suggesting that méthylation is not the only possible detoxification process (Wildfang et 
a/., 2 0 0 1 ).
Hayakawa et al. (2005) proposed an alternative metabolic process, also involving 
méthylation whereby glutathione-arsenic substrates are formed and methylated by CYT 
19 (a potential methylating enzyme) and SAM. These methylated glutathione-arsenic 
substrates are then converted to MA'" and DMA'" which are subsequently oxidised to 
MA^ and DMA^, respectively. This method does overcome the major problem with 
more widely accepted process as the major end products (MA^ and DMA^) found in 
urine are at the end of the process, whereas in the more widely accepted method of 
metabolism (Fig. 1.5) they are intermediates. However, this novel theory still requires 
confirmation of the new intermediate structures and the enzyme CYT 19 has not yet 
been isolated and purified from human tissue (Aposhian & Aposhian, 2006).
Differences in arsenic metabolism occur between species and studies have shown that 
differences can also occur within a species. Studies observing arsenic metabolites in 
urine from human subjects have observed variations in the percentage fractions for 
each arsenic species. Early studies found a unique metabolism pattern in Andean 
women, who displayed unusually low levels of MA^ in their urine (Vahter et al., 1995'^). 
Variations have also been observed between different ethnic groups (Loffredo et al.,
2003). The main factor believed to cause this variation is genetic polymorphisms in the 
formation of iAs'" methyltransferases (Engstrdm et al., 2009; Takeshita et al. 2009). 
Other factors, such as gender and age, play a small role in variation (Lindberg et al.,
2008) and one study found that gender patterns changed within different ethnic groups 
(Loffredo et al., 2003).
1.4.3 Biomarkers for arsenic
Human exposure to trace elements can be monitored using biomarkers such as scalp 
hair, nails (finger and toe), blood (whole and serum) and urine (Mazumder, 2000). Each 
of these biomarkers has advantages and disadvantages and standardized procedures 
are still not in place for the analysis of some biomarkers, particularly hair and nails 
(Mazumder, 2000). The following sections will outline the use of each of the 
biomarkers, for the analysis of arsenic.
1.4.3.1 Scalp hair
The use of scalp hair as an indicator for human exposure to toxic metals is not new and 
has received attention in literature for several decades (Bencko, 1995). Hair is a useful 
tool in biomonitoring as it can provide a record of trace elements associated with the 
normal or abnormal metabolism and assimilation from the environment (Srogi, 2006). 
The visible part of the hair, the shaft, mainly comprises of the fibrous protein keratin.
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but also contains melanin (pigment), fats, vitamins, minerals and cystine (Robertson, 
1999; Srogi, 2006; Hill, 2009). Hair is considered a ‘minor excretory organ’ for trace 
elements, and the cystine content provides hair with a high affinity for metals. Many of 
the metals found in hair are bound to the sulphur atoms in cystine or to sulphydryl 
groups in other amino acids (Srogi, 2006). Although hair has been used for the 
evaluation of exposure to toxic metals, its validity has been questioned due to the large 
variability in data (Robertson, 1999). Endogenous trace element levels in scalp hair 
samples can show considerable variation in ‘normal’ healthy human beings and can be 
affected by a range of factors including age, gender, race, nutrition and hormone levels 
(Robertson, 1999). Levels not only differ between individuals but can also vary along a 
single strand of hair or at different sampling locations on the scalp (Robertson, 1999); 
therefore sampling strategy plays an important role. The rate of hair growth can range 
between 6  to 36 mm/month (Slotnick & Nriagu, 2006) leading to a large variability in 
exposure time. Furthermore, hair is particularly vulnerable to external contamination 
(exogenous) due to washing and ease of exposure to dust and other contaminants. 
LeBlanc et al. (1999) found that hair washed with a selenium-based shampoo 
increased the level of Se detected on the hair when analysed by inductively coupled 
plasma mass spectrometry (ICP-MS). The removal of exogenous elements by pre­
treatment of samples, without affecting the endogenous (internal) trace element levels 
is an area that remains under debate. The lack of a standardised pre-treatment method 
for hair samples makes it difficult to compare data as it is impossible to know the 
relative contribution from exogenous and endogenous elements. This makes defining 
‘normal’ elemental levels in hair particularly difficult (Robertson, 1999).
Hair has been frequently used to monitor arsenic exposure globally (e.g. Chojnacka et 
al., 2005; Brima et al., 2006). In people with no known exposure to As (typically < 1 0  
pg/l Ast) the concentration of As in hair generally ranges from 0.01 to 0.3 mg/kg Asj 
(e.g. Mazumder, 2000; Brima et al., 2006; Nguyen et al., 2009). Furthermore, it has 
been approximated that a normal level for arsenic in hair from a subject in a non­
polluted area should be below 1 mg/kg Asj and below 3 mg/kg Ast in a polluted area 
(Hindmarsh, 2000). However, individuals in areas exposed to arsenic in water have 
been found to contain 30 mg/kg Asj in their hair samples (Sthiannopkao et al., 2010). 
Concha et al. (2006) monitored arsenic levels in hair from residents in several towns in 
the province of Salta, north Argentina and found that arsenic levels in hair increased in 
areas with elevated arsenic in the water (Table 1.8 & 1.9).
As previously mentioned, trace element levels in scalp hair samples can be affected by 
a range of factors including age, gender, race, nutrition and hormone levels 
(Robertson, 1999). The impact of three co-factors, namely gender, age and smoking on
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T a b le  1.8: Reported arsen ic levels in w a te r (W), ha ir (H), fingernail (FN), toenail ( IN ) , 
urine (U), w hole blood (W B) and blood serum  (BS) sam ples from  reg ions across the 
world w ith low  levels o f a rsen ic exposure  (< 1 0  pg/l A s j)  via drinking w ater.
Country bS^
Low exposure (< 10 pg/l Ast):
Argentina ~ ’  Concha et al. 2006
Cambodia
Chile “ ’i l "  3.57= - - - Marnez e( a;.
China <10 - - - - - 0.8-2.2 Van^^ulle ef a/.
Croatia 0.14 0.07^ Ôavar ef a/. 2005
Fnwnt < 1 Ô.Ô4 -  Saad &
..... . ..........1.04 "...............' .............. - ...............- ...............■_____H??sanien,2001
0 Heinrich-Ramm ei
Germany < 10 - - - 1 -375 ’. „  - a/. 2001; Heitland
.................. ........................ ..............................&.K9ster2006^^
Mandai et al. 2003;
I .. .f. 0 .07- 0 .19- 1 0 - Ahamedefa/.
1.35 1.06 ■ 43.1 ■ ■ 2006; Uchinoefa/
2006
Minoia et aï. 199Ô;
|, I 0.01 — 2.3 — 0.4 — Caroli ef a/. 1992;
■ 0.27 ■ ■ 33.1 11.9 Senofonteefa/.
2000
H o _ Ârain et al. 2009'’;
Pakistan 8.4 - - - ' - Kazi ef a/. 2009;
U T '5  Kolachi efa/.2011
Poland  V  0.044=....................................    : .Ch|naol<-a a ( ï r - - ‘
Taiwan <10 - - - 20 gs'' ’  ’  Huang ef a/. 2012
, c in  0.026- Ô.Ô54- Ô.Ô7- Ô.4- Brima ef a/. 2006;
_  0.359 2.81 0.27 84.4^ ‘  '  Button ef a/. 2009
Ô.1Î -  Garland ef a/. 1993
_______■............... ■.............0.12___________  ■....... ■..........&.1996 .. ..........
Vietnam <10 ^ o q9 - - - - -  Nguyen ef a/. 2009
f». . . <10 - - - - - < 0.03 Ferrer ef a/. 2001Stated ....................
Not . xn Ô.Ô5- w n  n n  1.7 -  Iyengar & Woittiez,
Stated 0.085 ~ ~ '  15.4 1988___________
® arithmetic mean;  ^pg/g creatinine.
arsenic levels in hair have been reported in several studies (e.g. Hinwood et al., 2003; 
Agusa et al., 2006). However, varying findings have been reported. For example, 
Agusa et al. (2006) found no significant influence from gender on arsenic levels in hair 
from individuals in Vietnam. Whereas, in Australia, H in wood et al. (2003) found that 
women had lower arsenic levels in hair than men. Several studies did, however, report 
that children had higher arsenic levels in their hair samples than adults (Saad & 
Hassanien, 2001; Mandai et al., 2003; H in wood et al., 2003; Concha et al., 2006).
Cigarettes contain arsenic and some studies have found higher arsenic levels in hair 
from smokers compared to non-smokers (Karagas et al., 2001; Saad & Hassanien, 
2001; Arain et al., 2009^). However, some studies reported no significant difference in
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arsenic levels (Chiou et a i, 1997; H in wood et a i, 2003). Furthermore, different types of 
tobacco contain varying amounts of arsenic (Saad & Hassanien, 2001; Arain et ai, 
2009^), and arsenic levels in hair have been found to vary between people smoking 
different types of tobacco (Saad & Hassanien, 2001).
Table 1.9: Reported arsenic levels in water (W), hair (H), fingernail (FN), toenail (IN ), 
urine (U), whole blood (WB) and blood serum (BS) samples from regions across the 
world with medium (< 500 pg/l Ast) to high (^ 9000 pg/l Ast) levels of arsenic exposure 
via drinking water.
Country Arsenic Concentration (*mg/kg; ** pg/l)W** H* FN* TN* u** WB** BS** txGTBrence
Medium Exposure (< 500 pg/l A s t ) :
Argentina 5 .5 -250 - - -
6 .0 -
899 - - Concha et al. 2006
Australia < dl -  73 5.523 - 21.73 - - -
Hlnwood et al. 
2003
Hall et al. 2006;
Bangladesh < dl - 496 - - -
20-
472
10.8 -
14.3 -
Ahsan et al. 2007; 
Lindberg et al. 
2008
Cambodia 0.21 - > 50 2.433
0.28-
1.64 - - - - Gault et al. 2008
Chile 12 -40 - - - 4 -3 6 3 - - Caceres et al. 2005
Croatia 37.9-171.6
0 .26-
1.74 - -
4 .65-
83.13 - -
Cavar et al 2005; 
6avar et a/2010
India > 1 0 -230
0.122-
15.8
0.74-
36.63 -
23-
4030 - -
Samanta et al. 
2004; Ahamed et 
al. 2006; Uchino et 
al. 2006
3 .3 -
49.3 - - -
20.8-
90.6 - - Meza et al. 2004
Mexico 2 0 -
400 - - -
1 .6 -
683f - -
Coronado- 
Gonzalez et al. 
2007
Pakistan 23.3-157
1.18-
2.77 - - -
2 .38-
8.72 -
Kazi et al. 2009; 
Kolachi et al. 2011
Taiwan < 1 - >  300
0.29-
1.55 -
0.86-
5.00
113.8-
306.5
8.1 -  
11.4 - Chiou etal. 1997
Vietnam < 0.1 -  486
0.08-
2.77 - -
31.4-
179b - -
Agusa et al. 2006; 
Nguyen et al. 2009
USA 0.002 -  66.6 - -
<0.01
-0.81 - - -
Karagas et al. 
2001
High Exposure (< 9000 pg/l A s t ) :
Bangladesh 0.1 -  9000
1.1 -  
19.8
1 .3 -
34.0 -
5.0-
1384
3.1 -  
76.5 -
Karim 2000; Hall et 
al. 2007
Cambodia 5 -1543
0.06-
30
0.53-
4.95 - - - -
Gault et al. 2008; 
Sthlannopkao et al. 
2010
Chile 3 .3 -1087 - 10.153 -
61 .2 -
1893 - -
Biggs etal. 1997; 
Martinez et al. 
2004
India 8 8 -612 4.463 7.323 - > 1000 - -
Mandai et al. 2003; 
Roychowdhury 
2010
Taiwan 700-930 - - -
70 .5 -
76.5 - - Tseng etal. 2005
USA < 3 -2100 - -
< 0 . 5 -
11.6
< 1 2 - 
759 < 6 - 3 0 - Adair et al. 2006
 ^arithmetic mean;  ^pg/g creatinine.
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1.4.3.2 Fingernails and toenaiis
Like hair, nails contain the fibrous high-sulphur protein, keratin and trace elements can 
be combined into the nail structure by binding to the sulphur groups (Slotnick & Nriagu, 
2006; Lai-Cheong & McGrath, 2009). As the nail develops the hardened nail plate 
becomes removed from the metabolic processes and can therefore be used as an 
indicator of trace element levels at a particular point in time (Slotnick & Nriagu, 2006). 
This can minimise fluctuations from occasional dietary sources of trace elements (Adair 
et al., 2006). Fingernail samples typically reflect exposures that occurred over 6  to 12 
months, whereas toenails reflect 12 to 18 months exposure (Slotnick & Nriagu, 2006). 
A study by Garland et al. (1993) monitored arsenic levels in toenails from the same 
individuals over a 6  year period and found a high level of reproducibility, suggesting 
that a single nail sample provides a good representation of long-term arsenic exposure.
It has been suggested that the normal range for arsenic in nails is 0.02 to 0.5 mg/kg 
Ast (Mazumder, 2000). However, arsenic levels ranging from 0.07 to 0.27 mg/kg Asj 
have been reported in toenails (Garland et al., 1993 & 1996; Button et al., 2009) and 
0.19 to 3.57 mg/kg Asj in fingernails (e.g. Martinez et al., 2004; Brima et al., 2006) 
from residents in areas with low exposure to arsenic (Table 1.8). Higher levels have 
been observed in areas where elevated arsenic exposure has been documented 
(Table 1.9). As seen with hair, arsenic concentrations in nails can vary greatly within a 
population. Gault et al. (2008) studied a population in the Kandal province of Cambodia 
and found a wide range of 0.53 to 4.95 mg/kg Asj in fingernails from those drinking 
water containing 50 to 943 pg/l Asj and 0.28 to 1.64 mg/kg Asj in those drinking 0.21 
to 50 pg/l Asj. Limited data is available for arsenic levels in nails samples in South 
America (Table 1.8 & 1.9) with no known publications for arsenic levels in nails 
collected in Argentina.
Arsenic levels in nails can also be impacted by other factors, such as age, gender and 
ethnicity. Brima et al. (2006) analysed fingernail samples from three ethnic groups from 
the same town in the United Kingdom unexposed to high levels of arsenic. Within this 
study they found a significant difference in the arsenic levels in the fingernail samples 
with higher levels (mean: 0.72 mg/kg Ast) in samples from the Somali-Black-African 
group compared to the White (mean: 0.18 mg/kg Asj) and Asian (mean: 0.15 mg/kg 
Ast) study groups.
As with hair, several studies have evaluated the influence of gender on arsenic levels 
in nails and the findings have varied. For example. Mandai et al. (2003) found that 
fingernails from females had higher arsenic levels than those from males, whereas the 
opposite was reported by Martinez et al. (2004). Limited information, however, is
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available on the influence of age. Hinwood et al. (2003) did report that arsenic levels in 
toenails were highest in children age 1 to 1 2  yrs.
1.4.3.3 Urine
Urine can be used as a biomarker of recent As exposure. The half-life of arsenic in the 
human body is approximately 4 days and urine is the main excretory pathway 
(Mazumder, 2000). It has been suggested that average background levels are below 
10 pg/l Ast in Europe (Trepka et al., 1996; Mazumder, 2000; Heinrich-Ramm et al., 
2001), below 30 pg/l Asj in Chile (Caceres et al., 2005) and below 50 pg/l Ast in India 
(Uchino et al., 2006) and Japan (Mazumder, 2000). Published research has reported 
arsenic levels ranging from 2 . 1  to 43.1 pg/l Ast and 0.4 to 84.4 pg Asj/g creatinine in 
regions of low arsenic exposure (e.g. Brima et al., 2006; Concha et al., 2006; Uchino et 
al., 2006). However, Heitland and Kôster (2006)® reported arsenic levels up to 375 pg/l 
Ast in individuals from Germany. Levels of arsenic in urine have been positively 
correlated with the consumption of elevated levels of arsenic in drinking water (Biggs et 
al., 1997; Ahamed et al., 2006; Uchino et al., 2006). Significantly higher levels of 
arsenic (range: 4 -  4030 pg/l Ast) have been reported in urine samples from 
individuals exposed to elevated levels of arsenic in water (e.g. Caceres et al., 2005; 
Ahamed et al., 2006).
Arsenic levels in urine can also be influenced by other factors. Kim & Lee (2011) found 
that arsenic levels in urine increased with age, whereas Agusa et al (2009) and Brima 
et al. (2006) found no statistical influence from age. Furthermore, Christian et al. (2006) 
and Tseng et al. (2005) found that urine from smokers contained higher arsenic levels 
than non-smokers. The factor which has been found to significantly influence arsenic 
levels in urine is seafood consumption. Seafood can contain high concentrations of 
organo-arsenic compounds such as arsenobetaine (AB) (Mazumder, 2000). Some 
organoarsenicals, such as arsenobetaine, are rapidly excreted from the human body 
predominantly unchanged and can therefore significantly influence the levels of arsenic 
observed in urine (Hseuh et al., 2002). Heinrich-Ramm et al. (2001) found 14.7 pg/l Asj 
in urine samples from people who had consumed seafood within 0  to 2  days before 
providing a urine sample, but found 4.6 pg/l Asj in those who hadn’t consumed 
seafood for over 6  days. In order to overcome this problem many studies either restrict 
seafood from the diet of participants for a certain length of time or measure the levels 
of inorganic arsenic species and their metabolites (Loffredo et al., 2003 Steinmaus et 
aA, 2010).
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1.4.3.4 Blood (whole blood and serum)
Trace elements can be cleared fairly quickly from the blood and arsenic can be 
removed from the blood within 24 hours (Karim, 2000). Therefore, blood is often only 
considered as a marker for recent exposure. In cases of chronic and continuing 
exposure to arsenic, however, a steady-state concentration can be achieved making it 
possible to determine a relationship between blood As concentrations and As exposure 
(Hall et al., 2006). Due to the short half-life of arsenic compared to in other parts of the 
body, it is difficult to discern a relationship between blood As concentrations and total 
body As burden or the As concentrations in other organs (Mazumder, 2000).
Arsenic levels ranging from 0.13 to 11.9 pg/l Ast have been reported for whole blood 
from individuals in areas with low arsenic exposure levels (e.g. Mazumder, 2000; 
Heitland & Kôster, 2006^; Huang et al., 2012). Elevated levels of arsenic (range: 2.38 -
76.5 pg/l Ast) have been reported in subjects exposed to As via drinking water (Table 
1.9). In northern Argentina an average blood concentration of 10 pg/l Asj was 
observed in whole blood from individuals drinking water containing 2 0 0  pg/l Asj 
(Mazumder, 2000).
Blood serum can also be used as a medium for trace element analysis and the 
development of sensitive techniques such as ICP-MS have allowed the advancement 
of serum trace element analysis (Muniz et al., 2001). Baseline reference values are 
important for any biomarker in order to reliably evaluate the effect of human exposure 
to elevated trace element levels via environmental or occupational means (Barany et 
al., 2002). Several studies have established reference values for trace elements in 
blood serum in different countries (Vanhoe et al., 1989; Muniz et al., 2001; Barany et 
al., 2002). However, only a few studies have determined reference arsenic levels in 
serum (Table 1.8). Arsenic levels ranging from below 0.03 to 2.2 pg/l Asy have been 
reported in blood serum from individuals in regions of low arsenic exposure (Forrer et 
al., 2001; Van Hulle et al., 2004). Slightly higher arsenic levels (range: 1.7 -  15.4 pg/l 
Ast) were reported by Iyengar & Woittiez (1988). No studies have been found to report 
arsenic in blood serum from healthy individuals exposed to elevated levels of arsenic in 
drinking water.
1.5 Health Effects Associated with Arsenic Exposure
No universal definition of the disease caused by long-term arsenic exposure is 
available; however several common symptoms of chronic-arsenic poisoning have been 
documented. The most dominant symptoms are dermal lesions (e.g. 
hyperpigmentation and hyperkeratosis), and studies show that these lesions can occur 
within a period of 5 years of exposure (Duker et al. 2005). Due to arsenate’s similarity
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to phosphate, and arsenite’s affinity for sulphur groups (section 1.4.1), arsenic can 
readily interact with biological molecules. This can impact the way the molecules 
behave and the pathways that they are part of, meaning that arsenic can affect human 
health in several different ways. One of the common symptoms of chronic arsenic 
exposure is cancer (section 1.5.1) and arsenic is classified as an established cause of 
skin, lung and bladder cancer by the International Agency for Research on Cancer 
(lARC 1980 & 2002). Arsenic exposure has also been linked with increased risk from 
type-2 diabetes (section 1.5.2), cardiovascular diseases (Tseng, 2008), nervous 
system disturbances (Rodriguez et al., 2003) as well as spontaneous abortions and 
neonatal mortalities (Rahamatullah etal., 2010; Bloom etal., 2010).
1.5.1 Cancer
The latency period in humans of arsenic-related carcinogenesis is considered to be 30 
to 50 years. Research on arsenic-induced cancers has, therefore, been based in 
countries with a long arsenic exposure history, such as Taiwan, USA and Chile (Tapio 
& Grosche, 2006). Early research in Taiwan highlighted a significant dose-response 
relationship between As exposure from drinking water and cancers of the bladder, 
kidney, skin and lung in both males and females; as well as for prostate and liver 
cancer in males (Wu et al., 1989). Further studies in Taiwan have found similar results 
for both bladder and lung cancer (Chiou et al., 1995; Chen et al., 2004). Increased risk 
from lung and bladder cancer has been associated with high As exposure in Chile 
(Ferreccio et al., 2000; Smith et al., 1998), Japan (Tsuda et al., 1995) and Argentina 
(Hopenhayn-Rich et al., 1996 & 1998). However, contrasting studies found no overall 
association between As exposure and bladder cancer mortalities in the USA (Bates et 
al., 1995; Steinmaus etal., 2003) and Argentina (Bates etal., 2004), each suggesting a 
longer latency period for arsenic-induced bladder cancer than previously established.
Cigarette smoking is known to induce several types of cancers, and therefore has to be 
taken into account when determining the impact of As exposure. Several studies have 
found evidence of synergy between cigarette smoking and ingestion of As in drinking 
water in cases of lung cancer (Ferreccio et al., 1995; Tsuda et al., 1995; Chen et al.,
2004), as well as evidence of an elevated risk of bladder cancer amongst smokers 
exposed to high levels of As (Bates et al., 1995; Steinmaus et al., 2003). Chen et al.
(2004) calculated the relative risk factors for lung cancer in Taiwan and found that the 
risk of lung cancer increased with increasing As-exposure as well as increasing 
cigarette use. In this study approximately 30 to 55 % of lung cancer cases were 
estimated to be attributable to the combined effect of smoking and ingested arsenic.
Arsenic is a unique carcinogen as it is the only known human carcinogen where there 
is adequate evidence of carcinogenic risk by both inhalation and ingestion (Kapaj et al.,
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2006). However, the exact mechanism by which arsenic induces cancer is still under 
evaluation. Previously arsenic was believed to be a non-mutagenic carcinogen as there 
was no evidence that arsenic induced mutations in mammalian cells (Hei & Filipic,
2004). It was therefore concluded that arsenic was not a complete carcinogen and only 
played a promoting role in cancer development (Tapio & Grosche, 2006). However, 
some evidence has shown that arsenite (iAs"‘) is mutagenic and can cause multi-locus 
deletions (Hei et al., 1998). The mutations that occur either as a direct or indirect result 
of arsenic exposure can cause cell proliferation, an important driving force in the 
development of carcinogenesis (Tapio & Grosche, 2006). Low levels of arsenic have 
been shown to increase cell proliferation in human cells (Germolec et al., 1996; Vega 
et al., 2001). Enhanced cell proliferation could be mediated by several biological 
mechanisms including the production of reactive oxygen species (ROS), disruption of 
signal transduction pathways and the induction of chromosomal abnormalities (Tapio & 
Grosche, 2006).
1.5.2 Type-2 diabetes mellitus
Diabetes mellitus (type-2) is a metabolic disorder resulting from defects in insulin 
secretion and/or insulin action, and is characterised by extreme hyperglycaemia. 
Several processes can be involved in the development of type-2 diabetes leading to 
insulin deficiency or resistance (WHO, 1999). Elevated mortality, prevalence and 
incidence rates from type-2 diabetes have been observed in Bangladesh (Rahman et 
al., 1998), Taiwan (Tseng et al., 2000; Wang et al., 2003) and the USA (Meliker et al.,
2007). A dose-response relationship between the prevalence of type-2 diabetes and 
arsenic exposure levels have be reported in Taiwan (Lai et al., 1994) and Bangladesh 
(Rahman et al., 1998). In contrast, Lewis et al. (1999) found no correlation between 
arsenic exposure and diabetes in the USA.
Studies have also investigated the relationship between arsenic levels in biological 
samples and the occurrence of type-2 diabetes. Coronado-Gonzalez et al. (2007) 
found a significant relationship between arsenic levels in urine and the occurrence of 
type-2 diabetes in 200 controls and 200 type-2 diabetes cases in Mexico. Navas-Acien 
et al. (2008) found a 26 % increase in total arsenic content of urine from patients with 
type-2 diabetes compared to the participants without type-2 diabetes. In a study 
conducted in Pakistan, Afridi et al. (2008) also found significantly higher levels of 
arsenic in hair, urine and blood samples from type- 2  diabetes patients compared to the 
control subjects.
The mechanism by which arsenic induces type-2 diabetes remains under debate. 
Furthermore, the relevance of In vitro and high-As animal studies to environmental or 
occupational As exposure effects in humans has been questioned (Tseng, 2004).
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However, a few possible mechanisms have been elucidated and it has been shown 
that arsenic could impact diabetes at two key stages in glucose homeostasis: insulin 
secretion and glucose transport (Tseng, 2004; Diaz-Villasehor et al., 2007).
Insulin Secretion: Pancreatic R-cells are stimulated by increases in blood glucose 
levels and will secrete insulin. Diaz-Villasehor et al. (2006) treated isolated rat 
pancreatic R-cells with sodium arsenite and found that glucose-stimulated insulin 
secretion decreased in a dose-dependent manner after 72 hours arsenite exposure. 
Arsenic may also indirectly cause functional impairment in insulin secretion through the 
generation of free radicals, reduced expression of important regulators for glucose- 
stimulated insulin secretion or through interaction with the sulfhydryl groups of insulin 
during synthesis, however these are all speculative theories and require further 
investigation (Tseng, 2004).
Glucose Transport: Insulin binding to its receptor triggers a complex signalling 
pathway leading to insulin-stimulated translocation of glucose transporters (GLUTs) to 
the cell membrane (Tseng, 2004). Specific GLUTs carry glucose across the cell 
membrane into the cell (Olson & Pessin, 1996). Insulin-sensitive tissues, such as 
skeletal muscle, cardiac muscle and fat express GLUT4 (Olson & Pessin, 1996). 
Walton et al. (2004) treated 3T3-L1 adipocytes with trivalent arsenicals and found a 
significant decrease in GLUT4 concentration in the membrane compared to untreated 
cells. This decrease may be due to suppression in the expression and phosphorylation 
of protein kinase B (PKB/Akt), potentially leading to an inhibition of the PKB/Akt- 
dependent mobilisation of GLUT4 transporters in adipocytes (Walton et al., 2004). 
Consistent with these findings, Walton et al. (2004) reported a dose-dependent 
decrease in glucose uptake by adiposytes exposed to trivalent arsenicals but little or no 
effect on glucose uptake was observed after treatment with pentavalent arsenicals. 
Bazuine et al. (2003) also treated 3T3-L1 adipocytes with arsenite but found that at 
0.01 to 0.5 mM arsenite glucose transport is stimulated in a dose-response manner 
with a maximum stimulation at 0.5 mM followed by a decrease at higher 
concentrations.
1.5.3 Arsenic and human health In Argentina
Arsenic-related skin disorders were first reported in Argentina in the early 20^ Century 
and became known as HACRE (hidroarsenicismo çrônico regional endémico: chronic 
endemic regional hydroarcenicism) (Nicolli et al., 1989). A high frequency of skin 
disorders were reported in Cordoba, particularly in a town called Bell Ville and the 
disease became locally known as “Bell Ville” disease (Nicolli et al., 1989; Hopenhayn- 
Rich et al., 1996; Smedley et al., 2002). Alongside skin disorders, such as keratosis
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and hyperpigmentation, high frequencies of skin, lung, bladder and digestive system 
cancers were reported in the HACRE region (Smedley et al., 2002 & references within).
Cancer has been the focus of arsenic-related health research in Argentina and has 
predominantly been undertaken in the province of Cordoba. Hopenhayn-Rich et al. 
(1996 & 1998) reported a dose-response relationship between inorganic arsenic 
exposure through drinking water and bladder, lung and kidney cancers. In contrast. 
Bates et al. (2004) found no relationship between inorganic arsenic exposure and the 
risk of bladder cancer in a case-control study within the same region. It was suggested 
that this variation was potentially due to an increase in water quality over time. Further 
research in Cordoba has found an association between arsenic méthylation within the 
body with bladder and lung cancers (Steinmaus et al., 2006 & 2010). This data 
supports the suggestion that variation in arsenic méthylation between individuals plays 
an important role in As-disease susceptibility (Steinmaus et al., 2010).
1.6 Methods of Arsenic Removal
A wide range of mechanisms have been investigated for the removal of arsenic from 
groundwater, including coag u lation/electrocoag u lation, adsorption/ion exchange, 
filtration, oxidation/precipitation and bioremediation. The material used for these 
applications varies from naturally-sought materials (e.g. metal (hydr)oxides, zeolites, 
clay, biomass) to synthetic polymers and composites. Adsorption technologies are 
commonly adopted and researched as they can be inexpensive, easy to construct and 
simple to maintain (Guan et al., 2008).
1.6.1 Iron-based materials
Iron-based technologies are one of the most commonly researched methods for the 
removal of arsenic from drinking water. Arsenic removal by iron oxides, hydroxides and 
zero valent iron has been extensively researched (e.g. Guan et al., 2008; Jeong et al., 
2007®; Su & Puls, 2001), but many of these materials can be difficult to apply in 
continuous flow systems due to their small particle size (Vaughan & Reed, 2005). In 
order to combat this problem a large amount of research has focused on combining 
iron with a support material, e.g. activated carbon, sand, incinerator melted slag, 
polymeric materials and biomass. If a traditional adsorbent is used as the support, e.g. 
activated carbon, further benefits could be obtained. Theoretically, doping activated 
carbon with iron oxide could create an adsorbent that can not only remove heavy 
metals but could also simultaneously remove heavy metals and organics (Vaughan & 
Reed, 2005). A review of iron oxide and hydroxides researched for the removal of As 
and its species from water can be found in Table 1.10.
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T a b le  1.10: Review  o f som e published research fo r the  rem oval o f a rsen ic from  w ater 
using iron hydroxide, iron oxide and e lectrocoagulation (iron/stee l e lectrodes).
S ectes ° ’  removed Influence o f Cofactors_________ R=krence
iron Hydroxide
lAs'" 500 5 hr: ~ 70 % - Daus et al.
iAs^ 500 5 hr:- 5 0 %  - 2004
pH: impact varies depending on initial [As] -  p  . , 
iAs^ 5 -  2000* - [As] > 200 mg/l removal decreases as pH
_____________ ____________increases (|)H 2 -1 2 j, ...................... ......................... ................
op, . Anions: silicate -  minimal impact; phosphate - .. . ,
iAs^ 300 QQ minimal impact; greater impact with combined
_____________________________ _____ anions.____________________________________________
Iron Oxide
.. III _ _ pH: higher adsorption at high pH. i • &
'  '  -.reduced As remoyak , .
.. V _ _ pH: higher adsorption at low pH.
'  " Pjl9§P^§te -_reduœd A^ removal,
onn /nn pH: maximum adsorption at pH 6; no , , ,
iAs^ ’ ’ - significant change pH 5 - 7 ;  decreases above /onn7 \^
pH 8. . . .
Anions: sulphate, chloride, Se(IV), V(V) and , . ,
iAs^ 200 > 90 % nitrate -  minimal impact; silicate and f2007)'^
phosphate -  reduced As remoyak _ _
. III ~ 4c;_Rno/ pH: slight increase in removal from pH 4 to 9.
' ® . An i°ns: sulpjiate- decrease in As removal. Wilkie &
-  20 -  100 removal decreases above pH 6 -  7. Hering
lAs^ - y  Anions: sulphate -  decrease in As removal; 1996
° Çs^Ir.Gnhanced As remoyak 
. .V  o -in* Anions: silica and phosphate -  reduced As Zeng et al.
^___ _________  removal.___________________________________ 2008
Electrocoagulation -  iron/steei 
electrodes
AST 50-150* - 1 h r : > 9 8  pH: As removal increased from pH 4 to 7, little
% change from pH 7 to 11. 2qqq
Ast - 97-99 % pH: no impact from pH 6 to 8 Kumar et al.
iAs^ - 97-99 % pH: no impact from pH 6 to 8 2004
.. V xnnn 6 hrs: -  65 Kumar ef a/.
.............. - 7 5 %  ■ 2010
- 3 0 - 1 0 0  decreased slightly from pH 8.5 to 6.5 Lakshman-
iAs^ 0/  Anions: silica and phosphate - reduced As an etal.
° removal. 2010
90 -  120 P^' '■emoval slowed at pH 9 compared to 5 -
lAs'" lOO’ IOOO Anions: phosphate-reduced As removal; waneta/.
.......................... s[l[ca -_rninjmal jmpact.   ..
15 -  120 pH: slower rate of removal at increasing pH
iAs^ 100,1000 min: Anions: phosphate - reduced As removal;
_________________________> 99 % silica -  minimal impact.________________________________
iAs^ = arsenate; iAs‘" = arsenite; Ast = total arsenic; [As] = arsenic concentration.
1.6.1.1 Mechanisms
The type of arsenic removal mechanism occurring on the surface of the adsorbent 
depends on the iron-based material used. Research of iron oxides and hydroxides 
indicates that an adsorption/ion exchange mechanism occurs, whereas corrosion, 
precipitation and adsorption are all potential mechanisms for zero-valent iron. The
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mechanisms for iron (hydr)oxides and zero-valent iron will be treated separately in this 
section.
Iron oxides and hydroxides can be porous in nature and the adsorption of As goes 
through a proposed four-step sequential progression (Badruzzaman at al., 2004);
(1) Diffusion through the bulk liquid;
(2) Diffusion through the surface film;
(3) Intraparticle diffusion; and,
(4) Adsorption onto a solid surface.
Typically, the bulk diffusion and adsorption steps are rapid and are, therefore, not rate- 
limiting. Intraparticle diffusion can occur within the pore space (pore diffusion) or along 
the surface within the pores (surface diffusion). Axe and Trivedi (2002) investigated 
intraparticle diffusion of strontium, cadmium, zinc and nickel on amorphous Al, Fe and 
Mn oxides, and concluded that intraparticle diffusion was a rate-limiting step in the 
adsorption process. Intraparticle surface and pore diffusion models have been 
researched for lAs'" and lAs  ^ removal using iron and aluminium oxides (e.g. 
Badruzzaman at a!., 2004; Lin & Wu, 2001). However, there is limited information 
regarding the impact of intraparticle diffusion of As adsorption onto oxides/hydroxides.
Exchange of arsenic for surface -O H 2 or -O H  groups on an iron (hydr)oxide surface is 
the primary mechanism associated with As removal using iron (hydr)oxide-based 
compounds (Jia at a!., 2007). The exact mechanism has been an area of debate for 
more than three decades.
The complexation of As to the iron surface can take two forms: inner- and outer-sphere 
surface complexation (e.g. Cheng at a!., 2009). Inner-sphere surface complexes occur 
when direct binding occurs between the As and one or more surface-bound oxygen 
groups (=Fe-0-As) (Fig. 1.6a); whereas outer-sphere complexes contain one or more 
water molecule between the adsorbing ion and the surface functional group linked 
through hydrogen-bonding (Goldberg & Johnston, 2001) (Fig. 1.6b). Early macroscopic 
and molecular level research concluded that arsenate (iAs^) adsorbs to the iron 
(hydr)oxide surface purely through inner-sphere complexation (Sherman & Randall, 
2003 & references within), and surface complexation modelling (SOM) also predicted 
this behaviour (e.g. Goldberg & Johnston, 2001; Sherman & Randall, 2003). Recently, 
advancement in the sensitivity of the techniques used to study molecular level ion 
adsorption has allowed outer-sphere surface complexes to be identified. Catalano at al. 
(2008) observed simultaneous inner-sphere and outer-sphere iAs  ^ surface 
complexation on hematite (Fe2 0 3 ) and corundum (AI2O3). In this study it was suggested
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that the position of the outer-sphere iAs  ^ complexes allowed hydrogen-bonding 
between their (hydr)oxo ligands and singly coordinated oxygen surface functional 
groups, which stabilised the complex.
(a) (b)
O'
■"As
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a
^As
O
O H \ H
\  /  
Me
O'
Me
\  /  
Me Me Me Me
Fig. 1.6: (a) Inner-sphere and (b) outer-sphere complexation with a metal (hydr)oxide 
surface (Me) (Cheng et al., 2009).
Unlike iAs ,^ the complexation of arsenite (iAs'") species to the surface of iron 
(hydr)oxide surfaces has been researched to a much lesser extent. Goldberg and 
Johnston (2001) conducted a study of the iAs"’ and iAs  ^ adsorption mechanism on 
amorphous oxides (Fe2 0 3  and AI2 O3 ). The iAs  ^mechanism for iron oxide was found to 
exhibit inner-sphere surface complexation, whereas, iAs’" was reported as maintaining 
both inner- and outer-sphere complexes.
Fig. 1.7: Possible surface complexes for ASO4  tetrahedra on goethite (a-FeOOH) 
(Sherman & Randall, 2003).
The types of the inner-sphere arsenate surface complexes have also been an area of 
controversial debate (Sherman & Randall, 2003). Three possibilities have been 
presented as representing the bonding structure of As with iron (hydr)oxide surfaces 
(Fig. 1.7). Waychunas et al. (1993) argued that bidentate (^C) and monodentate (V) 
complexes resulted from corner-sharing between ASO4 tetrahedra and two edge- 
sharing FeOe octahedra (As-Fe distance near 3.26 A), and from corner-sharing 
between ASO4  tetrahedra and FeOe octahedra (As-Fe distance near 3.6 A). In contrast, 
Manceau (1995) argued that the Fe-As distance was actually 2.8 A, resulting from
34
Chapter 1: Introduction
bidentate edge-sharing between AsO^ tetrahedra and FeOe octahedra (^E). Fendorf et 
al. (1997) conducted extended x-ray absorption fine structure (EXAFS) analysis and 
found that all three complexes (^C, ^E and V) occured. Sherman and Randall (2003) 
conducted extensive analysis on goethite (a-FeOOH), lepidocrocite (y-FeOOH), 
hematite (Fe2 0 s) & ferrihydrite (Fe2 O3 .0 .5 H2 O), and predicted the relative energies and 
geometries of As0 4 -Fe0 0 H surface complexes and concluded that inner-sphere 
surface complexes resulted from bidentate corner-sharing (^C).
V °
><° °x
As As As
X ''o X \  (f 0^/ ~7 I -y /  y I y 7 
Fe Fe Fe Fe Fe Fe
V V vv\
Fig. 1.8: Ferric arsenate formation on the surface of ferrihydrite (Fe2 0 3  O.5 H2 O) at low 
pH (Jia et al. 2007).
Table 1.11: Potential reaction mechanisms for the adsorption of arsenate and arsenite 
onto the surface of iron (hydr)oxide at pH 4.6 and 9.2 (Jain et al., 1999).
Reaction Equation Binding
Arsenite, pH 4.6
Fe -  + H3ASO3 ^  Fe -  0 As(0 H)2]""^  + HgO + H" 
Fe -  + H3ASO3 -> Fe -  0 (H)As(0 H)2]"^ ^^  + HgO 
Fe|(OH2 )2 ]^ ‘' + H3ASO3 -» Fe|0 2 (H)2As0 H]^  ^ + 2HzO 
Fe-(OH2 )2 ]^ '‘ + H3ASO3 ^  Fe|0 2 As(0 H)]-'' + 2 H2O+ 2H^
monodentate
monodentate
bidentate
bidentate
Arsenite, pH 9.2
Fe-OH]'"''^  + H2As0 3 " ^  Fe -  0 As(0 H)2]"'^  ^+ OH' 
Fe-OH]'^ ^^  + H2As0 3 ' ^  Fe -  0As(0)(0H)]'^^^ + HgO 
Fe|(0H)2]'  ^+ H2ASO3 ' Fe|02AsOH]'  ^+ H2 O + OH'
monodentate
monodentate
bidentate
Arsenate, pH 4.6
Fe|(OH2 )2 ]^  ^ + H2ASO4 ' ^  Fe|0 2 As(0 H)2]° + 2 H2 O 
Fe|(OH2 )2 ]^  ^ + H2ASO4 ' ^  Fe|0 2 As(0 )(0 H)]'^  + 2HzO + H^  
Fe|(0 H2 )(0 H)]° + H2ASO4 ' Fe|0 2 As(0 H)2]° + H2 O + OH' 
Fe|(0 H2 )(0 H)]° + H2ASO4 ' Fe|0 2 As(0 )(0 H)]'^  + 2HzO
bidentate
bidentate
bidentate
bidentate
Arsenate, pH 9.2
Fe -  OH]'"’'^  + HAs0 4 '^ -> Fe -  0 As(0 )2 (0 H)]'^ '^  + OH' 
Fe|(0H)2]'  ^ + HAs04 '^ ^  Fe|02As(0)2]'  ^+ H2 O + OH'
monodentate
bidentate
F e - 0  = single Fe bound to 1 surface group; Fe|Oz = single Fe bound to 2 surface groups
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The type of surface complex formed can also vary with the pH of the solution. Jain et 
al. (1999) speculated that a range of different reactions can occur at the surface 
leading to release of OH' and/or H  ^ groups, as well as potential alterations in surface 
charge. Jain et al. (1999) completed a series of studies evaluating the net OH' release 
and the change in surface charge following adsorption of iAs  ^and iAs'" on the surface 
of ferrihydrite (Fe20s O.5 H2 O) at varying pH levels (4.6 and 9.2). Significant variations 
in results occurred between tests and Jain et al. (1999) determined that both mono- 
and bidentate binding can occur, with different reactions favoured at different pH levels 
(Table 1.11). Jia et al. (2007) also found that the nature of the arsenic species is 
strongly dependent on pH. At low pH levels (3 and 4) fourier transform infrared 
spectroscopy (FTIR) data indicated that iAs  ^ formed a ferric arsenate surface 
precipitate (Fig. 1.8) and the characteristic infrared (IR) bands for ferric arsenate faded 
with increasing pH. Raven et al. (1998) also suggested that the same may occur for 
IAs"' (ferric arsenite precipitation).
Table 1.12: Potential processes in arsenic removal by zero valent iron.
Removal Process Description References
surface adsorption 
precipitation 
co-precipitation 
redox reactions
surface complexation: directly onto ZVI or onto 
corrosion products
surface precipitation of arsenic with species 
such as sulphur
incorporation of arsenic as a minor element in 
a mineral structure e.g. carbonate green rust
oxidation of IAs'" to IAs''
Manning et al., 2002; Melitas et 
al., 2002
Nikolaidis et al., 2003
Lien & Wilkin, 2005; Nikolaidis 
et a!., 2003
Farrell et al., 2001; Lien & 
Wilken, 2005; Su & Puls, 2004
Zero valent Iron (ZVI) has also been used for the removal of heavy metals. Metals are 
removed from solution via electrochemical reduction of the metal ions to their lower 
oxidation states followed by precipitation/co-precipitation of their less soluble forms 
(Bang et al., 2005). For example, highly soluble chromate (C rO / ) is rapidly reduced by 
Fe(0) to Cr^ "" and selenate (SeO /') can be reduced to insoluble elemental selenium 
(Bang et al., 2005). It could be assumed that the highly soluble lAs  ^and iAs"' would be 
reduced to As°, however, research has indicated that reduction of iAs  ^and iAs  ^does 
not take place (Farrell et al., 2001; Manning et al., 2002; Melitas et al., 2002; Su & 
Puls, 2004). Instead oxidation of iAs'" to iAs  ^ has been reported (Farrell et al., 2001; 
Lien & Wilkin, 2005; Su & Puls, 2004). Oxidation of iAs'" to iAs'' has also been shown to 
play an important role in removal with iron (hydr)oxides (Sun & Doner, 1998). The 
exact mechanisms of As removal by ZVI are, as yet, not completely understood due to 
the large variety of processes and reactions that can take place (Table 1.12).
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1.6.1.2 Factors influencing removal efficiency: pH
The adsorption of arsenic species is determined by two factors (Vaughan & Reed,
2005), the adsorbent surface chemistry, and the aqueous phase chemistry. Adsorption 
can, therefore, be influenced by alterations in chemical and physical parameters. The 
pH of the aqueous phase plays a particularly important role in the adsorption of 
different arsenic species, as it can alter the charge of the species (Table 1.13) and the 
surface. The pH of zero-point charge (p H z c )  is the pH at which the surface has a net 
neutral charge: below pHzc net positive charge, above pHzc net negative charge 
(Muniz et al., 2009). The p H z c  will vary between materials depending upon their 
mineral composition. For example, granular activated carbon contains oxides of silicon 
(Si0 2 ), aluminium (AI2 O3 ) and calcium (CaO), which have individual pHzc values of 2.2,
8.3 and 11.0, respectively. The combination of all three oxides means that the surface 
can potentially have a net positive charge until approximately pH 11 depending upon 
the concentration ratios of the oxides (Mondai et al., 2007). Iron (III) (hydr)oxide has a 
pHzc of 8  (Mondai et al., 2007; Guan et al., 2008). The change in surface charge as the 
pH reaches and increases above the pHzc can cause a decrease in arsenic adsorption 
due to increased electrostatic repulsion between the arsenic anions (e.g. HAsO/') and 
the negative surface ions (e.g. =Fe -  OH' '^ )^.
Jeong et al. (2007)® studied the impact of pH on iAs  ^ removal by iron (III) oxide and 
found that above pH 7 the percentage removal significantly decreases. The same was 
observed by Wilkie and Hering (1996) with hydrous ferric oxide between pH 4 and 9. 
The removal decreases as expected due to the increased repulsion between the 
increasingly negative surface groups and the iAs  ^ anion. At pH levels above 7 the 
dominant iAs  ^anion is HAsO/' (pKa2 = 6 .8 ). Guan et al. (2008) used much higher 
initial arsenic concentrations (range: 500 -  2000 mg/l lAs^) for testing the removal of 
lAs  ^ by ferric hydroxide and found that the removal of IAs'' began to decrease above 
pH 2. Whereas, at lower arsenic levels (range: 5 - 1 0 0  mg/l iAs^) the removal of lAs  ^
decreased at higher pH levels (> pH 8 ), as observed by Jeong et al. (2007)® and Wilkie 
and Hering (1996). The surface of the iron (hydr)oxide will contain both positive and 
negative surface groups and the ratio of these groups will depend upon the pH level. 
The lAs  ^anions will be attracted to the positive surface groups (e.g. =Fe -  0 H2 ‘"^ ^^ ). It is 
possible that at low initial As levels and at neutral to low pH levels, the removal of iAs^ 
is not effected to a large extent, as the number of positive surface groups is sufficient to 
maintain high levels of removal. As pH increase the net surface charge is such that the 
anions are repelled to a greater extent, thus leading to a reduction in iAs  ^ removal. In 
contrast the higher arsenic levels could be adversely impacted at a lower pH level due 
to the requirement for a greater number of suitable surface adsorption sites.
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Table 1.13: Arsenic species in solution at varying pH (Mondai etal., 2007).
pH Main IAs'" species Main iAs^ species
<9.2 H3ASO3
9.2-12.1 H2ASO3
12.1 -1 2 .7 HAs03 -^
>12.7 As03^
< 2.3 H3ASO4
2 .3 - 6.8 H2ASO4
6.8 - 11.6 HAsO/-
> 11.6 AsO /'
Arsenite, on the other hand, has a high pKai and it, therefore, remains a non-ionic 
species (H3ASO3) until ~ pH 9 (Table 1.13). Iron compounds do display a high removal 
of IAs'" from acidic solutions and the removal of IAs'" is not strongly dependent on pH 
up to pH 9 (Wilkie & Hering, 1996). There are two main explanations for this: oxidation 
or deprotonation of iAs'". Several studies have reported that the type of species present 
on the surface of the adsorbent material (e.g. iron oxide) does not relate directly to the 
species present in the aqueous solution (e.g. Jain et al., 1999; Jia et al., 2007). Mondai 
et al. (2007) suggested that IAs'" is oxidised to iAs  ^in the presence of Fe^ "". This would, 
therefore, create an anionic species in acidic solution (pKai = 2.3) favouring ion 
exchange reactions. However, Jain et al. (1999) reported a net release of H"" ions 
during the reaction of iAs'" with the surface groups of ferrihydrite (Fe2 0 3  O.5 H2 O) at pH
4.6 (Table 1.11). This indicates a deprotonation mechanism at low pH levels. As the pH 
increases iAs'" becomes charged (pKai = 9.2) and the removal of IAs'" above this point 
becomes pH dependent due to electrostatic interactions between the arsenic anion and 
the surface groups, as observed for iAs .^ Limited information is available for the effect 
of pH on iAs'" removal at high pH levels directly using iron (hydr)oxides. However, 
studies using modified iron-based materials (e.g. iron-doped activated carbon) found 
that iAs'" removal decreased at pH levels above pH 9 due to increased electrostatic 
repulsion (e.g. Katsoyiannis & Zouboulis, 2002; Mondai etal., 2007; Zhu etal., 2009).
1.6.1.3 Factors Influencing removal efficiency: competing Ions
The ionic composition of a water system can also impact the removal of IAs'" and lAs  ^
by iron-based materials. Phosphate, sulphate, silicate and nitrate are the four key 
anions that have been researched due to their high prevalence in water systems and/or 
their chemical similarity to the arsenic anions.
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Phosphate typically causes significant adverse effects on the removal of both IAs'" and 
lAs  ^ (Gupta et al., 2009; Jain & Loeppert, 2000; Jeong et al., 2007''; Su & Puls, 2001; 
Sun et al., 2006; Tyrovola et al., 2006; Wilkie & Hering, 1996; Zhu et al., 2009). 
Phosphate, iAs  ^ and iAs'" can produce inner-sphere complexes with the iron 
(hydr)oxide surface groups and will therefore compete for adsorption sites. The affinity 
of these anions for the surface groups will determine which will be preferentially 
adsorbed. Meng et al. (2002) conducted affinity tests with iron hydroxide and found that 
the adsorption affinity decreased in the order arsenate > phosphate > arsenite. 
However, they did also suggest that the high removal of lAs  ^ in the presence of 
phosphate may have occurred due to a low surface coverage by phosphate. 
Furthermore, an increase in the initial phosphate concentration, leading to higher 
surface coverage, could produce a greater adverse effect on lAs  ^removal.
Silicate, like phosphate, displayed adverse effects on the removal of As for a range of 
materials. Meng et al. (2002) observed a slight negative effect on iAs  ^ removal with 
iron hydroxide, whereas Zhu et al. (2009), Gupta et al. (2009) and Jeong et al. (2007)'' 
observed significant adverse effects on iAs  ^removal with zero-valent iron supported on 
activated carbon, iron-chitosan composites and iron oxide, respectively. Meng et al. 
(2002), Gupta et al. (2009) and Zhu et al. (2009) observed significant inhibition of iAs'" 
removal upon the addition of silicate.
Nitrate addition provided contrasting effects in different studies. Sun et al. (2006) 
observed an enhancement of iAs  ^ removal using zero-valent iron with increasing 
concentrations of nitrate, whereas Tyrovola et al. (2006) and Su and Puls (2001) 
observed a slight suppression of iAs  ^and iAs'" removal when using zero-valent iron.
The addition of sulphate to the arsenic solutions prior to the addition of the removal 
materials created varying results with different materials. Neither Jeong et al. {2007f  or 
Jain and Loeppert (2000) observed a detectable effect on lAs  ^ removal with iron (III) 
oxide or ferrihydrite, respectively. In contrast, Zhu et al. (2009), Sun et al. (2006) and 
Zhang et al. (2004) observed an enhancement of lAs  ^ removal when using zero-valent 
iron supported on activated carbon, zero-valent iron and iron (hydr)oxide ores, 
respectively. The effect of sulphate on IAs'" removal is not quite so varied and a pH- 
dependent suppression of iAs'" removal is observed with inhibition increasing with 
decreasing pH (Jain & Loeppert, 2000; Wilkie & Hering, 1996; Zhu etal., 2009).
Although, anions typically suppress As adsorption, the opposite can occur with the 
addition of cations. As the pH surpasses the pHzc the surface charge becomes 
negative and repulsion of the arsenic anions occur. Cations (such as Ca^ "") can adsorb 
onto the surface creating a positive surface charge favouring anion adsorption (Wilkie 
& Hering, 1996). An increase in iAs  ^adsorption on hydrous ferric oxide was observed
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by Wilkie and Hering (1996), whereas no significant increase in iAs'" adsorption was 
observed on goethite (Stachowicz et al., 2008).
1.6.1.4 Field-based studies
The importance of chemical and physical water parameters for the removal of arsenic 
species from water is highlighted by the knowledge that arsenic is mobile in a wide 
range of water sources with varying conditions. Some studies have trialled their 
research materials with water from natural drinking water sources, with varying results. 
It is difficult to compare different locations treated with different materials, however, 
some comments and comparisons can be made. Two individual in-field studies were 
conducted using iron, citric acid and solar radiation: Garcia et ai. (2004) used Fe(N0 3 ) 3  
to aid the removal of Asj from groundwater in the Tucuman Province of Argentina, and 
Cornejo et ai. (2008) used zero-valent iron for the removal of Asj from Camarones 
River water in the Atacama Desert in Northern Chile. The study regions contained high 
As contents (range: 86 -  1023 and 1000 -  1300 pg/l Ast, respectively). Water tested 
by Cornejo et ai. (2008) exhibited a significant decrease in iAs  ^ (98.9 %: n = 10), 
whereas Garcia et ai. (2004) found a decrease of 26 to 58 % Asj.
1.6.2 Electrocoagulation
Electrocoagulation is an electrochemical technique used for the removal of unwanted 
dissolved particles and suspended matter from aqueous solutions. In its simplest form, 
electrocoagulation involves an electrolytic cell with one anode and one cathode (Fig. 
1.9) made of the same or different materials (Emamjomeh & Sivikumar, 2009). 
Electrocoagulation has become a potential method for the removal of arsenic from 
water and has been researched in the lab (Kumar et ai., 2004) and in the field (Wan et 
ai., 2011). A small-scale pilot study in Mexico was conducted by Parga et ai. (2005) 
and the study found that 99 % of arsenic could be removed from the well water.
Precipitate
Power Supply
■a T3
Fig. 1.9: Basic electrocoagulation set-up.
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1.6.2.1 Mechanism
When a charge is applied to the cell, electrolytic dissolution of the anode occurs, 
producing cationic monomers (Balasubramanian et ai., 2009). In the case of iron-based 
electrodes either a one-step or two-step process can occur (Hansen et ai., 2007). The 
potential step-based mechanisms are outlined in Equation 1.3a to 1.3c.
(a) Fe(s)  ^Fe (aq) 3e
.2+ c^3+
(b) Fe(s) Fe%q) + 2e
(c) Fe ( a q )  >• Fe (aq) + 6
Eq. 1.3: (a) One-step oxidation of solid iron to Fe^ "" ions; (b & c) Two-step oxidation 
where iron is firstly oxidised to Fe^ "" ions (b) and then oxidised further to Fe'^ '" ions (c) 
(Hansen et ai., 2007).
The complete oxidation of iron to Fe'^ "' ions (Eq. 1.3c) requires the presence of oxygen 
and insufficient oxygen availability will produce a black precipitate of iron (II) hydroxide 
and will reduce arsenic removal (Hansen et ai., 2006). The second stage (oxidation) 
can occur in either acid or alkaline solutions. However depending on the acidity of the 
solution, different reactions will occur as shown in Equations 1.4a and 1.4b (Hansen et 
ai., 2007).
(a) 0 2 (g) + 4Fe%q) + 4H\aq) 4Fe%q) + 2 H2 0 (i) (in acid solution)
(b) 0 2 (g) + 4Fe%q) + 2 H2 0 (|) 4Fe%q) + 4 0 H ‘ ( a q )  (in alkaline solution)
Eq. 1.4: Oxidation of Fe^  ^ to Fe^ "" in acid (a) or alkaline (b) solutions (Hansen et ai.,
2007).
At the cathode, hydroxide ions are formed. The cathode typically becomes alkaline 
over time and the applied current forces OH' migration towards the anode. This favours 
iron (III) hydroxide formation as shown in Equation 1.5 (Kobya ef ai., 2011). 
Subsequently arsenic removal occurs via co-precipitation (Eq. 1.6) or adsorption onto 
the surface of the ferric hydroxide (Hansen ef ai., 2007).
Fe^ "(aq) + 30H'(aq) -> Fe(OH)s ( s )
Eq. 1.5: Formation of iron (III) hydroxide at the anode in electrocoagulation (Kobya ef 
a/., 2011).
Fe(OH)s(s) + As04^(aq)—> [Fe(0 H)3*As04  ^] (g)
Eq. 1.6: Co-precipitation of arsenate (iAs^) with iron (III) hydroxide as part of the 
electrocoagulation process (Hansen ef ai., 2007).
The efficiency of arsenic removal will depend upon the type of arsenic species present. 
The adsorption of iAs'" on iron-based materials is typically lower than that of iAs^ due to
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its neutral charge at pH below 9. Studies have shown that the oxidation of iAs'" to iAs  ^
can occur during electrocoagulation, followed by surface complexation as iAs ,^ thus 
increasing the removal efficiency of iAs'" (Kumar et al., 2004; Lakshmipathiraj et a!., 
2010; Wan et a!., 2011). However, not all studies support this theory. Lakshmanan et 
ai. (2010) observed no iAs'" oxidation unless a two stage electrocoagulation process 
was used with graphite anodes in step 1 followed by iron anodes in step 2.
1.6.2.2 Factors influencing removal efficiency: pH
The pH of the initial solution has been recorded as impacting the removal of arsenic by 
iron-based materials (section 1.6.1.2). It therefore stands to reason that pH will impact 
the removal of arsenic by electrocoagulation in a similar fashion. Balasubramanian et 
ai. (2009) found that increasing the pH from 4 to 7 increased the efficiency of iAs  ^
removal. Kobya et ai. (2011) also observed an increase in arsenic removal with 
increasing pH from 4.5 to 6.5, followed by a decrease at pH 8.5 (Fig. 1.10). The 
variations in removal with pH are predominantly due to the impact of pH on the charge 
of the arsenic species and the surface charge of the iron hydroxide as previously 
discussed in section 1.6.1.2.
100
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Fig. 1.10: Effect of pH on arsenic removal by electrocoagulation with an iron-based 
electrode (Kobya et ai., 2011).
1.6.2.3 Factors influencing removal efficiency: competing ions
Ions such as phosphate and silicate can compete for adsorption sites on the surface of 
the material, thus reducing the adsorption capacity for arsenic ions. Chloride was found 
to enhance arsenite removal by catalysing the dissolution of iron from the electrode 
(Lakshmipathiraj et ai., 2010). Sulphate and nitrate ions were found to have a small 
negative effect on arsenic removal by electrocoagulation (Lakshmipathiraj et ai., 2010; 
Wan et ai., 2011). The presence of silicate and phosphate ions, on the other hand, 
significantly reduced the removal of arsenic by electrocoagulation (Lakshmanan et ai.
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2010). In contrast, Wan et al. (2011) found that only phosphate ions inhibited arsenic 
removal and found negligible effect in the presence of silica. The presence of 
phosphate in field-test water was overcome by running longer test periods to create 
enough iron hydroxide in situ to remove both the phosphate and arsenic ions (Wan et 
a/., 2011).
1.7 Aims and Objectives
The primary aim of this research was to establish a correlation between arsenic levels 
in drinking water and levels in human biomarkers (hair and nails). A comparison was 
made between samples collected from three provinces in Argentina: Rio Negro, La 
Pampa and Neuquén, each with differing exposure levels to arsenic in drinking water 
and the environment. Further analysis was conducted using blood (whole and serum) 
and urine samples from La Pampa to establish any correlation between arsenic levels 
in the biomarkers and the occurrence of type-2 diabetes.
The secondary aim was to evaluate a simple low-cost technique for the removal of 
arsenic from water. Two methods were evaluated: iron (hydr)oxide and
electrocoagulation. Laboratory studies were conducted to determine the optimum 
operating conditions and the limitations of each technique. The most suitable 
technique, electrocoagulation, was evaluated for use with ‘real’ ground and surface 
waters in Argentina.
1.7.1 Objectives
The specific objectives of the study were to:
• establish a method for the determination of total arsenic in environmental and 
biological samples with validation and an interlaboratory comparison;
• determine the limitations of the field-based arsenic spéciation technique and 
evaluate its suitability for utilisation in extreme volcanic water systems;
• develop a preparation method for the determination of trace element levels in 
human scalp hair, fingernails, toenails, whole blood, blood serum and urine;
• validate the sample preparation methods by spike recoveries;
• determine the arsenic levels in water and human samples from three provinces 
in Argentina: Rio Negro, La Pampa and Neuquén;
• establish correlations between arsenic levels in human samples (hair and nails) 
with corresponding water sample data;
• investigate the link between arsenic levels in human samples and the 
occurrence of type-2 diabetes;
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determine the limitations of commercially bought iron oxide and hydroxide for 
the removal of arsenic from water under laboratory conditions and make 
comparisons with the iron (hydr)oxides produced in situ by electrocoagulation;
evaluate the suitability of the household electrocoagulation device for the 
removal of arsenic from ‘real’ waters in Argentina.
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Analytical Methodology
Chapter 2: Analytical Methodology
2.0 Introduction
This study required the collection and analysis of several sample types, namely water, 
hair, fingernail, toenail, urine, whole blood and blood serum. Sections 2.1 to 2.5 outline 
the collection and preparation procedures for each of the sample types. All trace 
element analysis was conducted using inductively coupled plasma mass spectrometry 
(ICP-MS). The technique is described in section 2.6.1 and the instrument parameters 
are defined in section 2.6.2. In addition to total arsenic analysis, the arsenic species 
(iAs'", iAs ,^ MA^, DMA^) were separated at the point of collection using a novel field- 
based method, namely solid phase extraction (SPE). The arsenic separation technique 
is outlined in section 2.7. Furthermore, statistical calculations have been conducted 
throughout this research and the statistical tests are defined in section 2.8.
2.1 Sample Preparation: Water
Water samples were collected from four locations in Argentina, namely General Roca 
( R io  Negro), Los Menucos (Rio Negro), Eduardo Castex (La Pampa) and Copahue- 
Caviahue (Neuquén). Samples were collected as outlined in section 2.1.1 and physical 
parameters, namely pH, redox potential (Eh, mV), total dissolved solids (TDS, mg/l) 
and conductivity (pS/cm) were tested on-site as defined in section 2.1.2.
2.1.1 Collection procedure
All water samples were collected in 20 ml Sterilin® bottles (Fisher Scientific, 
Leicestershire, UK). Filtered/acidified (F/A) water samples for total arsenic analysis by 
inductively coupled plasma mass spectrometry (ICP-MS, Agilent, UK) were drawn up in 
a clean/rinsed disposable 20 ml BD™ plastic syringe (Becton Dickinson Ltd, 
Oxfordshire, UK) and injected into each bottle through a 0.45 pm membrane filter 
(Millipore, Hertfordshire, UK). An unfiltered (UF) sample was collected at each site and 
stored in clean 20 ml Sterilin® bottles (Fisher Scientific Ltd, Leicestershire, UK). 
Samples were acidified with 1 % v/v with Aristar® nitric acid (Fisher Scientific Ltd, 
Leicestershire, UK) in order to prevent arsenic precipitation and to reduce bacterial 
activity (McCleskey ef a/., 2004). A further 30 ml water sample was passed through the 
solid phase extraction (SPE) cartridge set-up for arsenic spéciation analysis (section 
2.7.3). All unfiltered and filtered samples were transported to the University of Surrey 
and stored at below 4 °C until analysis.
2.1.2 Physical water parameters
Physical water parameters: pH, redox potential (Eh, mV), total dissolved solids (TDS, 
mg/l) and conductivity (pS/cm), were recorded at the time of sampling prior to filtration 
and acidification. Conductivity, pH and TDS were measured using a Hanna HI 98129 
Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, UK). Redox potential was
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measured using a Hanna HI 98120 Digital ORP Meter (Hanna Instruments Ltd, 
Bedfordshire, UK).
Calibration of the Hanna HI 98129 Digital Combo Meter was conducted in house. A 
two-point pH calibration was conducted using two buffer solutions: pH 7.01 and pH 
4.01. Conductivity calibrations were undertaken using a HI 17031 (1413 pS/cm) 
calibration solution (Hanna Instruments Ltd, Bedfordshire, UK). Due to the relationship 
between electrical conductivity and total dissolved solids (TDS) no calibration of TDS 
was required. ORP meter (HI 98120) calibrations were conducted during instrument 
production and no further calibrations were required.
2.2 Sample Preparation: Scalp Hair, Fingernaiis and Toenaiis
Scalp hair, fingernail and toenail samples were collected from study volunteers in four 
locations in Argentina, namely General Roca (Rio Negro), Los Menucos (Rio Negro), 
Eduardo Castex (La Pampa) and Copahue-Caviahue (Neuquén). The method used for 
sample collection is defined in section 2 .2 . 1  and the preparation procedures are 
outlined in sections 2.2.2 and 2.2.3.
2.2.1 Collection procedure
Human scalp hair and nail samples were collected by a trained member of the project 
team from the study volunteers, as stated in the ethical approval documentation 
(EC/2010/124/FHMS) (Appendix A l). Scalp hair samples were taken from several 
locations at the nape of the neck close to the scalp with clean and dry stainless steel 
scissors. Fingernails and toenails were cut with clean and dry stainless steel nail 
scissors. All samples were stored in clean, plastic bags labelled with a unique 
participant code which corresponded to a questionnaire (Appendix A2 - A3). All 
samples were stored in a dry location (e.g. storage cupboard) prior to analysis.
2.2.2 Sample washing
Scalp hair, fingernail and toenail samples were homogenised by cutting into small 
pieces using clean and dry stainless steel scissors. Each sample was then placed into 
a clean 15 ml centrifuge tube for washing. Washing procedures, for this type of 
material, have previously been evaluated (Stovell, 1999) and the washing procedure 
utilised in this study was the standard method proposed by the International Atomic 
Energy Agency (IAEA, 1978). This method consists of successive washes with 5 ml 
acetone, distilled deionised water (DDW) three times, followed by a final acetone wash 
(Fig. 2.1). Each step was undertaken in an ultrasonic bath for 10 minutes and after 
each wash the solution was decanted off and discarded. Once the wash procedure was 
complete the samples were allowed to dry in a drying oven at 60 ± 5 °C overnight.
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Wash solution decanted 
off and discarded.
Wash solution decanted 
off and discarded.
Wash solution decanted 
off and discarded.
DILUTIONS 
Refer to Table 2.1
Sample dried in a wall oven over night at 60 °C.
Sample transferred into clean/dry 15ml centrifuge tubes.
Sample made up to constant dilution using 
DDW (minimum volume = 4 ml).
0.5 ml conc. nitric acid added to the tube and 
then tube is then covered in cling film.
Heated in a water bath at 70 °C for 1 hour or 
until digested.
Sample weighed into clean acid washed 
digestion tubes.
Filtered using 0.45 pm syringe filter into clean 
15ml centrifuge tubes.
Digested material cooled and transferred to clean 25 
ml Sterilins. Tube rinsed with DDW into the Sterilin.
5 to 10 ml acetone added to sample. Washed for 10 
minutes in an ultrasonic bath.
5 to 10 ml DDW added to sample. Washed for 10 
minutes in an ultrasonic bath (repeated 3 times).
5 to 10 ml acetone added to sample. Washed for 10 
minutes in an ultrasonic bath.
Sample cut into small pieces using clean/dry stainless steel scissors. The 
scissors are washed with distilled deionised water (DDW) between samples.
Fig. 2.1: Hair and nail sample preparation (washing, drying and digestion) procedure.
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2.2.3 Acid digestion
Each washed and dried sample was weighed into a clean weighing boat and then 
transferred into an acid-washed polypropylene digestion tube. A 0.5 ml aliquot of 
concentrated (conc.) Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) was 
added to each tube, which were then covered with cling film™. The tubes were placed 
in a water bath and the samples were heated on a hot plate at 70 ± 1 °C for 1 hour or 
until all the sample was digested. The samples were then removed from the heat and 
allowed to cool before dilution. Each sample was diluted using distilled deionised water 
as the diluent. The dilution factor was weight dependent allowing for a minimum 
volume of 4 ml for analysis (section 2.2.4). Following dilution the samples were filtered 
using 0.45 pm membrane filters (Millex, Millipore, UK) before analysis by ICP-MS.
2.2.4 Diiution factor seiection
Due to the large variation in sample (hair/nail) mass provided by each study participant 
it was not possible to consistently use a low dilution factor (e.g. x 1 0 0  dilution), in order 
to get a minimum of 4 ml digested sample volume. Tests were therefore conducted to 
evaluate the impact of the dilution factor on the final calculation of elemental 
concentrations. A set of 14 dilution factors were selected across the range of 100 to 
1000 times dilution (Table 2.1). Pooled control fingernail and hair samples were 
washed, digested and diluted according to the corresponding dilution factor (in 
duplicate). The samples were then analysed by ICP-MS.
Table 2.1: Hair, fingernail and toenail dilution factors and sample mass (SM) ranges for 
the preparation of a minimum of 4 ml digested sample volume for analysis by ICP-MS.
Dilution Factor Sample Mass (SM) Range (g)
100 0.040 < SM
150 0.027 < SM < 0.040
200 0.020 < SM < 0.027
250 0.016 <SM< 0.020
300 0.013 <SM< 0.016
350 0.011 <SM< 0.013
400 0.010 <SM< 0.011
450 0.0089 <SM <0.010
500 0.0080 < SM < 0.0089
600 0.0067 < SM < 0.0080
700 0.0057 < SM < 0.0067
800 0.0050 < SM < 0.0057
900 0.0044 < SM < 0.0050
1000 0.0040 < SM < 0.0044
Only a slight variation in arsenic concentration was observed across the dilution factor 
range for either hair (range: 0.009 -  0.06 mg/kg) or fingernail (range: 0.13 -  0.40 
mg/kg) samples. Similar patterns were observed for other elements of interest (e.g. Mn,
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Fe, V). However, a negative correlation was observed for selenium levels in both hair 
and fingernail samples with a decreasing selenium concentration as the dilution factor 
increased.
Due to the minimal variation in elemental concentrations with increasing dilution factor 
a dilution factor range of 1 0 0  to 1 0 0 0  times dilution has been applied in this study. 
However, consideration must be taken when evaluating hair and nail data. Small 
differences in concentration (e.g. A < 0.2 mg/kg for fingernails) may be attributable to 
the dilution factor. Particular consideration needs to be made when evaluating 
selenium data due to the negative trend observed.
2.3 Sample Preparation: Urine
Human urine was collected by trained personnel from study volunteers in Eduardo 
Castex (La Pampa) as part of the ‘type-2 diabetes’ study; as stated in the ethical 
approval documentation (EC/2010/124/FHMS) (Appendix A1). Mid-stream urine 
samples were collected using clean 25 ml Sterilin® bottles (Fisher Scientific Ltd, 
Leicestershire, UK). Each sample was identifiable by a unique code which 
corresponded to a questionnaire relating to the volunteer (Appendix A2 - A3). Samples 
were transported in a polystyrene, ice-packed, cool box back to the UK, along with the 
required ethical approval documentation (Appendix A2 - AT). On arrival at the 
University of Surrey, all samples were filtered using a 0.45 pm syringe filter (Millex, 
Millipore, Bedford, USA), separated into aliquots and stored in a freezer at -20 °C. 
Sample aliquots (~ 5 ml) were defrosted as required to room temperature (~ 20 °C) to 
prevent continual re-freezing of the samples. Samples were diluted (x2) using distilled 
deionised water (DDW) prior to total elemental analysis by ICP-MS.
2.4 Sample Preparation: Whole Blood
Whole blood samples were collected by trained personnel from study volunteers in 
Eduardo Castex (La Pampa) as part of the ‘type-2 diabetes’ study; as stated in the 
ethical approval documentation (EC/2010/124/FHMS) (Appendix A1). The method 
used for sample collection is defined in section 2.4.1 and the preparation procedure is 
outlined in section 2.4.2.
2.4.1 Sample collection
Whole blood samples were collected by the collaborators in Eduardo Castex as part of 
routine health analysis. A 1 ml sub-sample was taken and sent to the University of 
Surrey for the purpose of this study. Each sample was identifiable by a unique code 
which corresponded to a questionnaire relating to the volunteer (Appendix A2 -  A3). 
On arrival at the University of Surrey, all samples were stored in a freezer at -20 °C. 
Samples were defrosted as required to room temperature (~ 20 °C) prior to digestion.
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Sample diluted to 5 ml using 
DDW
Filtered using 0.45 pm syringe filter 
into clean 15 ml centrifuge tubes.
Sample left at room temperature (-20 °C) for 1 2  hours before gradually 
heating up to 70 ± 1 °C in a water bath for 1 hour.
0.5 ml whole blood transferred into a clean, weighed polypropylene digestion 
tube and the sample weight recorded (-  0.5 g).
1 ml conc. Aristar® nitric acid added to each tube. Tubes covered with cling
Whole blood sample defrosted over night and allowed to reach room 
temperature ( -  20 °C).
Digested sample left to cool before adding 0.5 ml conc. hydrogen 
peroxide. Sample gradually heated up to 50°C in a water bath for 1
hour.
Fig. 2.2: Whole blood sample preparation (digestion) procedure.
2.4.1 Acid digestion
A 0.5 ml sample of whole blood was added to a clean, dry polypropylene digestion tube 
and weighed. A 1 ml aliquot of conc. Aristar® nitric acid (Fisher Scientific Ltd, 
Leicestershire, UK) was added to each tube, which were then covered with cling film™. 
The samples were left at room temperature ( -  20 °C) overnight (12 hrs). The samples 
were then gradually heated to 70 ± 1 °C in a water bath for 1 hour. After cooling 0.5 ml 
conc. hydrogen peroxide (Fisher Scientific Ltd, Leicestershire, UK) was added to each 
sample and gradually heated to 50 ± 1 °C for 1 hour or until digested (Fig. 2.2). The 
samples were allowed to cool before dilution to 5 ml (lOx dilution factor) using distilled 
deionised water (DDW). Each sample was filtered using a 0.45 pm syringe filter (Millex, 
Millipore, Bedford, USA) before total elemental analysis was performed by ICP-MS.
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2.5 Sample Preparation: Blood Serum
Blood serum samples were collected by trained personnel from study volunteers in 
Eduardo Castex (La Pampa) as part of the ‘type-2 diabetes’ study; as stated in the 
ethical approval documentation (EC/2010/124/FHMS) (Appendix A1). The method 
used for sample collection is defined in section 2.5.1 and the preparation procedure is 
outlined in section 2.5.2
2.5.1 Sample collection
Blood serum samples were collected by the collaborators in Eduardo Castex as part of 
routine health analysis. A 1 ml sub-sample was taken and sent to the University of 
Surrey for the purpose of this study. Each sample was identifiable by a unique code 
which corresponded to a questionnaire relating to the volunteer (Appendix A2 -  A3). 
On arrival at the University of Surrey, all samples were stored in a freezer at -20 °C. 
Samples were defrosted as required to room temperature ( -  20 °C) prior to digestion.
2.5.2 Sample dilution
A 1 ml blood serum sample was added to a clean, dry polypropylene tube and 
weighed. The blood serum was diluted (xIO) with an alkaline diluent: 1% NH4 OH 
(Fisher Scientific Ltd, Leicestershire, UK), 0.05 % Triton X-100 (Fisher Scientific Ltd, 
Leicestershire, UK)), 0.05 % EDTA (Fisher Scientific Ltd, Leicestershire, UK)) and 2 % 
MeOH (Sigma Aldrich, Dorset, UK). Each sample was filtered using a 0.45 pm syringe 
filter (Millex, Millipore, Bedford, USA) before total elemental analysis was performed by 
ICP-MS.
2.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
The roots of inductively couple plasma mass spectrometry (ICP-MS) began in the 
1960’s with the development of ICP-atomic emission spectrometry (AES) (Taylor, 
2001). However, the vast difference in operating pressure and temperature hindered 
the coupling of ICP with MS. Pioneering work by A.L. Gray, R.S. Houk and A.R. Date 
developed a unique sample interface allowing the two techniques to be coupled (De 
Laeter, 2001). The first commercial ICP-MS became available in 1983 (Nelms, 2005). 
Since then ICP-MS has become one of the most widely used techniques in elemental 
analysis due to its ability to provide rapid, multielement analysis at single part per 
trillion detection limits and linear dynamic ranges of 10"^  to 10® (Olesik, 2000). Nearly all 
elements in the range ®Li to ®^®U can be measured by ICP-MS; however elements such 
as H, O, N, C and noble gases cannot be determined because plasma ion sources, air 
and aqueous acidified sample contain traces of these elements (Becker, 2007).
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2.6.1 Principle of inductively coupled plasma mass spectrometry
ICP-MS is used to determine and quantify the elemental composition of a sample 
(typically aqueous). ICP is utilised as an ionisation source where elements are 
bombarded with electrons to form singly charged cations (Hill at a/., 2005). These 
cations are then transported, via the sample interface, to the mass analyser where the 
elements are separated by their mass to charge ratio (m/z) (Olesik, 2000). ICP-MS 
instruments comprise of five main components: sample introduction system, inductively 
coupled plasma (ICP), sample interface/ion focusing unit, quadrupole mass analyser 
and detector. Each component will be reviewed separately within this section.
2.6.1.1 Sample introduction system
The purpose of the sample introduction system is to convert the aqueous sample into a 
form that can be easily vaporised within the plasma. A peristaltic pump is used to 
deliver a constant flow (typically 0.4 -  1 ml/min) of sample solution to a nebuliser 
(Olesik, 2000). Several types of nebuliser are available (e.g. cross-flow, concentric, 
micro) and are used to convert the sample into an aerosol of droplet size from less than 
1 to 40 pm (Olesik, 2000; Taylor, 2001). Large droplets (> 20 pm), which wouldn’t have 
time to vaporise within the plasma, condense in the spray chamber and typically only 1 
to 3 % of analyte enters the plasma (Olesik, 2000; De Laeter, 2001).
Nebuliser
Gas Annulus
Auxiliary gas Coolant gas Induction (load) coil
Fig. 2.3: Inductively coupled plasma torch set up (adapted from Hollas, 2004).
2.6.1.2 inductively coupled plasma (ICP)
ICP torches are usually Fassel style with three concentric quartz tubes through which 
argon flows (Fig. 2.3). The coolant gas flows through the outermost tube at a flow rate 
of 11 to 15 I Ar/min and forms the main constituent of the plasma. The gas is 
introduced tangentially to push the plasma away from the quartz tube to prevent it from 
melting. The middle tube supplies the auxiliary gas flow at rate 0.5 to 1.5 I Ar /min and 
prevents the innermost tube from melting. The nebuliser gas, containing the sample 
analyte, is supplied through the innermost tube at a typical flow rate of 0.5 to 1.5 I Ar 
/min (Hill et ai., 2005). The nebuliser gas flow impacts the centre of the plasma forming
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a channel called the annulus through which the sample flows (Fig. 2.3). The annulus is 
heated by the surrounding plasma to 5000 to 7000 K (Taylor, 2001; Hill etal., 2005).
The plasma itself is formed by a process called inductive coupiing (Taylor, 2001). 
Radiofrequency power (RF: 700 -  1700 W) is supplied to a copper induction (load) coil 
wrapped in a 2- or 3-turn 3 cm diameter coil at the top of the torch assembly. An 
alternating current (AC) oscillates at the frequency of the RF generator (typically 27.1 
MHz or 40.6 MHz), creating an electromagnetic field (Taylor, 2001; Hill at a/., 2005). 
‘Seed’ electrons are supplied to the support gas by creating a spark with a Tesla coil 
(Taylor, 2001). The electrons collide with argon atoms stripping an electron from its 
outer shell. The extra electrons supplied to the system create a cascading chain 
reaction known as inductive coupling (Hill etal., 2005). The plasma is self-sustaining so 
long as the RF power is supplied to the induction (load) coil (Taylor, 2001).
Water cooled 
fit»np!ate
Sampling
cone
Stage 2 Stage 1
OOO
OOO I
Load
coil
ICP
torch
1cm
Fig. 2.4: ICP-MS two-stage sample interface and extraction lens (De Laeter, 2001).
The sample undergoes four processes within the plasma: desolvation, vaporisation, 
atomisation and ionisation (Olesik, 2000). The extent of ionisation is primarily a function 
of the first ionisation potential of the element relative to argon, and can impact 
sensitivity and susceptibility to matrix effects (Hill et ai., 2005). Ionisation efficiency for 
elements with first ionisation potential below 9 eV is approximately 100 %. However, 
yields for elements with higher first ionisation potentials can range from 5 to 100% 
(Olesik, 2000; Hill et al., 2005). The ions formed are typically singly charged (M^), 
however, some elements, such as Ba and Ce, have a second ionisation potential low 
enough to produce doubly charged ions (M^ )^ within the plasma (Hill et al., 2005).
2.6.1.3 Sample Interface/Ion focussing unit
The sample interface (Fig. 2.4) allows the combination of the inductively coupled 
plasma at an atmospheric pressure (~ 1000 mbar) and high temperature (~ 7000 K)
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with mass spectrometry at low pressure (10’®- 10'  ^mbar) and room temperature (~ 300 
K), without modifying the composition of the sample (Taylor, 2001; Hill et al., 2005). 
The ICP-MS interface is based on a two-stage, differentially pumped system (Olesik, 
2000; De Laeter, 2001). The ICP is centred on the aperture ( -  1 mm) at the tip of the 
sample cone (typically made of nickel), which is mounted on a water-cooled plate to 
prevent it from melting (Hill et al., 2005). Behind the sample cone is a rotary pump, 
which reduces the pressure and draws the plasma gas through the aperture where the 
gas then expands, due to the lower pressure (Olesik, 2000; Hill et al., 2005). Located 
behind the sample cone is the skimmer cone with an aperture of 0.4 to 0.7 mm (Hill et 
al., 2005). Only ions from a narrow spatial region of the plasma (~ 0.2 -  0.3 mm wide) 
flow through the skimmer cone (Olesik, 2000).
Following the sample interface the ion optics are utilised to maximise transmission of 
ions from the skimmer into the mass spectrometer, while reducing the background 
signal due to photons or fast neutrals (Olesik, 2000). The extraction lens (electrode) 
produces an electrostatic field to electrically select the positive analyte ions from the 
gas beam, which contains positive ions, negative ions, electrons and uncharged 
species (Hill et al., 2005).
2.6.1.4 Quadrupole mass analyser
The quadrupole mass analyser is designed to separate analytes by their mass to 
charge ratio (m/z) (Olesik, 2000). A combination of direct currents (DC) and alternating 
currents (AC) are used to impact the trajectories of ions through the mass spectrometer 
(Dawson, 1995). A quadrupole is typically formed from four parallel cylindrical rods 
(Fig. 2.5). Opposite rods are connected electrically in pairs and will have the opposite 
charge to those adjacent to them (Westman-Brinkmalm & Brinkmalm, 2009).
When the alternating current exceeds the direct current light ions tend to exhibit 
oscillations of increasing amplitude and the trajectories become unstable along the x- 
axis until they collide with the electrodes (Dawson, 1995). On the other hand, heavy 
ions do not respond as quickly and are forced along the centre of the quadrupole 
(Westman-Brinkmalm & Brinkmalm, 2009). The x-axis can be termed the high-pass 
filter (Dawson, 1995). Heavy ions predominantly respond to changes in DC causing 
their trajectories to defocus in the y-direction and collisions to occur with the y- 
electrodes (Westman-Brinkmalm & Brinkmalm, 2009). The lighter ions respond less to 
changes in DC and are typically stabilised by the AC, creating a low-pass filter along 
the y-axis (Dawson, 1995). At a given combination of DC and AC potentials, ions of a 
particular m/z will have a stable trajectory and will pass through the quadrupole into the 
detector. Scanning at different combinations of DC and AC potentials allows a mass 
spectrum to be acquired (Westman-Brinkmalm & Brinkmalm, 2009).
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Fig. 2.5: Quadrupole mass filter (adapted from O’Reilly, 2010).
2.6.1.5 Detectors
Detectors are used to quantify the number of ions emerging from the mass analyser by 
converting ions into electrical pulses, and since the development of ICP-MS several 
detectors have been designed. In the earlier years of ICP-MS channel electron 
multipliers and Faraday cups were popular designs (Thomas, 2004). Channel electron 
multipliers convert the positive ion beam into an electron current. They consist of an 
open glass cone coated with a semiconductor material. The front end of the cone has a 
negative potential and attracts the positive ions. As the ions hit the surface of the cone 
one or more secondary electrons are ejected. These electrons move down the tube, 
towards the more positive end and collide with the surface ejecting further secondary 
electrons. As this process is repeated a discrete pulse is created and detected by a 
preamplifier.
The preamplifier produces an output pulse which subsequently goes to a digital 
discriminator and the counting circuitry (Vandecasteele & Block, 1993; Thomas, 2004). 
Faraday cups can be used alongside electron multipliers to increase the linear dynamic 
range of the instrument (Thomas, 2004). A Faraday detector consists of a cup-shaped 
metal tube connected to a high gain amplifier. As the positive ions arrive at the detector 
they collide with the surface and give up their charge. The resulting current is 
measured as a voltage drop over the input resistor of the amplifier. Negatively charged 
plates (suppressors) are arranged at the front of the detector to prevent secondary 
electrons (formed by the collision) leaving the detector, thus reducing possible 
measurement errors. A high amount of noise is created by the thermal motion of free 
electrons in the input resistor leading to a high minimum detectable current and 
therefore poor detection limits (Vandecasteele & Block, 1993). Faraday detectors are, 
therefore, not typically used as the sole detection mode for ICP-MS (Thomas, 2004).
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Secondary electron multipliers are the most popular form of detectors in ICP-MS due to 
their ultra trace detection capabilities (Fig. 2.6). Many modern instruments use discrete 
dynode electron multipliers which use a series of electrodes (dynodes) to accelerate 
and multiply secondary electrons produced by the collision of a positive ion with a 
conversion dynode (Becker, 2007). Each dynode is connected to increasingly positive 
potentials causing the electrons to accelerate through the detector until hitting the 
electron collector (Thomas, 2004; Becker, 2007). To increase the linear dynamic range 
of a secondary electron multiplier two detection modes can be used: pulse mode 
(counting of pulses due to single ion impacts) and analog mode (measurement of 
steady current resulting from multiple ion impacts) (Vandecasteele & Block, 1993). The 
pulse counting mode is linear up to 1 0 ® cps (counts per second) whereas the analog 
mode is linear from 10"^  to 10® cps (Thomas, 2004). This can increase the linear 
dynamic range up to 8  to 9 orders of magnitude (Thomas, 2004; Becker, 2007).
Conversion Dynode
I
Electron Collector
Ion Beam
VU U J j j J
To Amplifier
Fig. 2.6: Secondary electron multiplier with discrete dynodes (Becker, 2007).
2.6.1.6 Collision/reaction cell technology
Collision/reaction cell technology was developed as a method of reducing spectral 
interferences caused by polyatomic ions generated by gas (Ar), solvent (e.g. HNO3 or 
HCI) or sample-based species (e.g. O, C, N, Cl) (Lehto & Hou, 2011 ). For example, the 
argon chloride ion ("^ ®Ar®®CF), formed in the plasma when a moderate amount of 
chloride is present in the sample matrix, is a major polyatomic interference for the 
determination of monoisotopic arsenic (^ ®As^ ). These two ions have virtually the same 
m/z values and separation of the peaks would require expensive, high-resolution 
technology, such as double focusing sector field instruments (Colon etal., 2011).
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A collision/reaction cell is composed of a multipole (quadrupole, hexapole, octapole), 
usually operated in radiofrequency (RF) mode, located between the sample interface 
and mass analyser (Dufailly et a i, 2008). A collision/ reaction gas (e.g. He or H2 ) is 
injected into the cell to collide and react with the polyatomic interferences, converting 
them into harmless non-interfering species (Eq. 2.1) (Lehto & Hou, 2011).
ArO^ + NH3 -> Ar + O + NH^
Eq. 2.1: Removal of '^ °Ar^ ®0'' interference in analysis of ®®Fe’' (Lehto & Hou, 2011).
Experimental conditions for ICP-MS collision/reaction cells need to allow effective 
removal of plasma-based interference ions while allowing the transmission of analyte 
ions, and they must also remove unwanted new ions formed within the collision cell 
itself (Dufailly et al., 2008). Collision/reaction cells can be designed to employ two 
methods for the removal of these unwanted ionic species: kinetic energy discrimination 
or mass discrimination (Thomas, 2004). Hexapole and octapole cells typically employ 
kinetic energy discrimination, as their mass stability boundaries are not as well defined 
as with low-order multipoles (quadrupoles) (Thomas, 2004). Kinetic energy 
discrimination involves setting the cell hexapole/octapole potential lower than the mass 
analyser quadrupole potential (V q -  V h/o > 0). Ions produced in the collision/reaction 
cell typically have a lower kinetic energy and if their energy is the same as or below the 
multipole potential they will be rejected. On the other hand, analyte ions with a higher 
energy than the multipole will be transmitted into the mass analyser (Dufailly et a i,
2008). Gases, such as helium and hydrogen, are typically used with hexapole and 
octapole collision/reaction cells as they are less reactive and therefore less likely to 
form additional unwanted ions (Thomas, 2004). Highly reactive gases (e.g. NH3 or CH4 ) 
can be used in quadrupole collision/ reaction cells due to their greater definition of 
mass stability boundaries compared to higher-order multipoles. Optimisation of the 
quadrupole electrical field can prevent unwanted reactions between gas and the 
sample matrix (Thomas, 2004).
2.6.2 Instrumentation
Sample analysis was conducted using an Agilent 7700x Series ICP-MS (Agilent 
Technologies, UK) at the University of Surrey (Guildford, Surrey, UK). The Agilent 
7700x Series is fitted with a quartz, peltier-cooled, Scott-type double-pass spray 
chamber, a concentric MicroMist nebuliser and a helium gas third generation octopole 
reaction system. The system was controlled by and data captured using Agilent Mass 
Hunter software. Table 2.2 summarises the operating conditions used in this study.
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Table 2.2: Operating conditions for the Agilent 7700x series inductively coupled 
plasma mass spectrometer.
Operating Conditions 7700x Series
Piasma operating conditions
RF Power 1.55 kW
Plasma gas flow rate 15 I/m in
Auxiliary gas flow rate 0.9 l/min
Nebuliser carrier gas flow 0.8 l/min
Nebuliser make up gas flow 0.3 l/min
Collision cell gas He
Collision cell gas rate (He) 4.8 ml/min
Flow parameters
Sample uptake time 50 s
Sample stabilisation time 30 s
Wash between samples 120 s
2.6.3 Limit of detection (LOD)
The limit of detection is the concentration which gives an instrument signal significantly 
different from that of the blank (Miller & Miller, 2010). The limit of detection was 
calculated from replicate analysis (n = 15) of a blank 1 % (v/v) nitric acid (Aristar®, 
Fisher Scientific, UK) solution. The limit of detection (LOD) and limit of quantification 
(LOO) for each element was calculated using Equations 2.2a & 2.2b (Miller & Miller, 
2010) and are displayed in Table 2.3.
(a) LOD = Sb + 3sd
(b) LOO = Sb + lOsd
Eq. 2.2: Calculation of the (a) Limit of Detection (LOD), and (b) Limit of Ouantification 
(LOO) (Miller & Miller, 2010). [Sb = mean blank signal; sd = standard deviation of 
blank].
2.6.4 Linear dynamic range (LDR)
The Agilent 7700x ICP-MS collects data simultaneously in both pulse (low count) and 
analog (high count) modes allowing linear dynamic ranges of 8  to 9 orders of 
magnitude. For the purpose of this study a calibration range from 1 to 750 pg/l was 
adopted due to the low elemental levels observed in most analysed samples. This also 
prevents overloading of the instrument with high elemental concentrations, thereby
reducing instrumental contamination and signal drift.
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Table 2.3: Collision cell gas mode, internal standard (IS), limits of detection (LOD) and 
quantification (LOQ) for elements analysed using the Agilent 7700x ICP-MS.
Element Gas Mode IS LOD (pg/l) LOQ (pg/l)
51y He Cell 0.05 0.16
He Cell 0.01 0.02
He Cell ""Sc 0.2 0.7
He Cell 7^3e 0.2 0.8
He Cell ^^Ge 0.2 0.6
^®Se He Cell "^Ge 0.1 0.5
238u No Gas 209b | 0.04 0.15
400000
350000
300000
250000
200000
150000
100000
50000
40 60 80
Arsenic Concentration (pig/i)
120
▲ Omg/I Cl (Collision cell) ■ 100 mg/l Cl (Collision cell)
♦  100 mg/l Cl (No collision cell)
Fig. 2.7: Effect of 100 mg/l chlorine on the acquisition of arsenic data with and without 
the helium collision cell activated.
2.6.5 Interferences
ICP-MS interferences can be categorised into two main groups: spectral and physical 
interferences. Spectral interferences can occur due to signal overlap at a particular 
mass. The most common spectral interferences are polyatomic or molecular spectral 
interferences, caused by the combination of two or more atomic ions (Thomas, 2004). 
Polyatomic interferences can be caused by a number of factors associated with either 
the plasma/nebulizer gas used, the matrix components in the solvent/sample, other 
elements in the sample or the oxygen/nitrogen from the surrounding air. A major 
polyatomic interference for arsenic C^As) is caused by the formation of '^ A^r^ C^I  ^within 
the plasma. Collision cell technology was developed as a method for reducing spectral 
interferences caused by polyatomic molecules (section 2.6.1.6). The impact of chlorine 
on the acquisition of arsenic data using a collision cell was investigated using 
increasing concentrations of arsenic in the presence of 100 mg/l 01. Without activation
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of the collision cell a significant increase in signal is observed with chlorine present in 
comparison to the signal recorded with the helium collision cell activated (Fig. 2.7).
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Fig. 2.8: Internal standard (IS) signal drift across a 20 sample analysis run displayed 
as a percentage of the blank solution internal standard signal.
A common type of physical interference is caused by high total dissolved solids content 
in the samples. As the total dissolved content increases the possibility of drift in analyte 
ion current signal is also enhanced (Taylor, 2001). This problem is directly related to 
the build-up of salts on the orifice of the interface sampler cone and can be overcome 
by dilution of the sample or by correction using an internal standard. For the purpose of 
this study a 100 pg/l solution of ^^Ge, "^ S^c, °^®Bi (Aristar®, BDH, UK) prepared in 1 % 
(v/v) nitric acid was used as an internal standard through addition to the sample 
solution via a T-piece. The internal standard used for each element is shown in Table 
2.3. The internal standard signal was used to adjust the sample signal to correct for 
drift (section 2.6.6). Signal drift was continually monitored throughout analysis (Fig. 
2 .8).
2.6.6 Calibration
Calibration standards were prepared from commercially available 1000 and 10000 mg/l 
stock standard solutions (Aristar®/SpectrosoL, BDH, UK; Fisher Scientific Ltd, UK; 
High Purity Standards, British Greyhound, UK) over the calibration range 1 to 750 pg/l 
using 1 % (v/v) Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) prepared 
using DDW. The internal standard and sample signal ratio was calculated using 
Equation 2.3. The signal ratio was then used to produce a calibration graph such as 
that displayed in Figure 2.9.
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sample signal intensity / internal standard signal intensity = signal ratio
Eq. 2.3: Calculation of the signal ratio between the signal intensities for the sample and 
the internal standard for the production of a calibration graph.
y = 0.0855X - 0.0175 
R2 = 0.9999
5  50 
a.
E 40
%  30
200 3000 100 400 500 600 700 800
Arsenic Concentration (pg/l)
Fig. 2.9: Calibration for arsenic C^As) using signal ratio ( % e  internal standard) and 
standard concentration for the Agilent 7700x ICP-MS in helium collision cell mode.
2.6.7 P rec is ion  a nd  a ccu racy
An estimate of the level of accuracy and precision for the ICP-MS was determined 
using two certified reference waters: TMDA 54-4 (National Water Research Institute, 
Canada) and NIST SRM 1643e (National Institute of Standards and Technology, USA). 
All statistical calculations are discussed in sections 2.8.1 and 2.8.2. Analysis of the 
certified reference materials was repeated periodically at the beginning of sample 
analysis: CRM TMDA 54-4 (n = 30); SRM 1643e (n = 22). Overall, for all trace 
elements, acceptable agreement exists between the mean measured value and the 
certified value (Table 2.4). A t-test revealed that a statistically significant (p < 0.01) 
level of accuracy was observed for arsenic and uranium in CRM TMDA 54-4 (Table 
2.4). Furthermore, an interlaboratory comparison with British Geological Survey (BGS), 
using an Agilent 7500 series ICP-MS, yielded statistically significant (p < 0.01) 
correlations for all elements analysed in CRM TMDA 54-4, and for Zn, As and Se in 
SRM 1643e (Table 2.5).
Precision during a single sample analysis, expressed as relative standard deviation 
(RSD), ranged from 0.2 to 2.8 % (n = 3) for the trace elements analysed, thus showing 
a high level of repeatability (Table 2.4). Acceptable to moderate levels of reproducibility 
across two years of sample analysis were obtained for both CRM 1643e (4.6 -  16.4 %) 
and the CRM TMDA 54-4 (6.0 -  21.9 %). The highest levels of reproducibility were
62
Chapter 2: Analytical Methodology
T3C
CD
0)
CO
s
0:
CO
I— 
CO
c0
1 
I
c
8
s
c0)
E(D
CD
■s
1
8
C
o
w
Ü
2Q."O C  
CD "O
l l
II
° °
S I
il
8 S§
m -Ÿ
s s
I
i
i
â
QC
Ü
c —
S|
IICC
%
II
c
CO
II
c
s
« C\i
J ii
!î
0)
- i -  > °  “  
C  II
S =
O )
l g
0) ro :
o
CO
II
c
CO
II
c
if
ffi
- i -
>  m -
C II
S = '
O )
c0)
E0)
LU
CO
CD
CD
00
k
CO
CO
CD
N -
O)
00
CO
CO
CO
00OÎ
00
CO
00
M.
00 CD O N -
•M" CO ID
CM CO CO
+1 +1 + I +1
M- CD CD CM
CM ID CD
CO CM CO ID
N
CD
T|-
ID
ID
o '
CD
N
c\i
+ 1
ID
5
CD
CD
T— T— c\i
ID
CO
CD 00 CD h» CD 00
CM CM CD N-' c \i T-'
+1 + I +1 + I +1 + I ,
CD CD CD CO N
CO ■M- CD CD
CO CO § CD ID
CD CO CO O ID CD
h-' CD N CD N CM
CO ID N CD CM
CM CM CM CD
CD O ■M- 00 N - CM
CO D ) ■M- ID CO
CD ID CM N - CD CD CO
■M- N - 00 co CO CO 1^
CO CM CO ID ■M- CO ID
CM
+1
-4"
0)
CO
CM
CO
+1
CM
CD
CD
I
•a
V.ro■o
I
+i
c
s
E
XJ'o3
1
Q .O
JO
I
O .0
obtained for arsenic analysis of both SRM 1643e (4.6 %) and CRM TMDA 54-4 (6.0
%).
2.6.8 Spike recoveries
Suitable certified reference materials for biological materials (e.g. hair) were not 
available during this study, therefore spike recovery tests were used to provide an 
estimate of accuracy for the preparation and analysis of biological materials. Four spike 
recovery tests were conducted based on the different preparation methods: hair, whole
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Table 2.5: Interlaboratory comparison of NIST SRM 1643e and CRM TMDA 54-4 by 
ICP-MS at the University of Surrey (UniS) and British Geological Survey (BGS).
Element
CRM TMDA 54-4 NIST SRM 1643e
Unis 
(n = 30)"
BGS
(n = 3)"
tcalc
tcrit — 2 .7 5  
(p = 0.01)
Unis 
(n = 30)"
BGS 
(n = 3)"
tcalc
tcrit — 2 .8 5  
(p = 0.01)
327 ± 24.8 339 ± 8.7 0.82 34.4 ± 2.5 38.5 ± 0.3 7.20
246 ± 17.9 272 ± 6.2 2.54 33.0 ±2.8 42.2 ± 0.7 5.68
356 ± 32.9 343 ± 4.8 1.99 90.6 ± 10.6 99.5 ± 1.5 3.63
502 ± 35.7 517 ±12.6 0.72 64.0 ± 7.7 71.9 ± 1.3 1.73
44.5 ± 2.7 40.8 ± 0.8 2.37 56.3 ± 2.6 57.3 ± 1.0 0.63
31.4 ±2.4 28.0 ± 5.3 2.14 10.7 ± 1.8 11.0 ±0.3 0.78
238^ 60.2 ± 13.2 56.3 ± 1.0 1.60 - - -
® mean ± standard deviation
blood, blood serum and urine. The hair spike tests are representative of the method 
employed to digest hair, toenails and fingernails.
Spike recovery tests were conducted using a pooled hair, whole blood, blood serum or 
urine sample. The method of standard addition was followed and an equal 
volume/mass of sample was added to each standard. All but one was spiked with a 
known and different amount of the analyte prior to digestion or dilution. Each of the 8 
standards (in duplicate) was then digested or diluted following the pre-defined sample 
preparation procedure (section 2.1 -2 .5 ).
The elemental concentration range is defined in Table 2.6. Each range is based upon 
literature values for elemental concentrations in each sample type within a control 
population.
Percentage recovery = (original concentration / measured concentration) x 100
Eq. 2.4: Calculation of percentage recoveries for spike recovery tests.
The spike recovery calculations were based upon percentage recoveries (Eq. 2.4), as 
an estimate of accuracy and to aid the determination of matrix interferences. Iron, 
manganese and zinc typically displayed high levels of accuracy with percentage 
recoveries at all concentrations remaining within 85.4 to 113.2 % (Table 2.7). The 
exception was manganese in urine, where percentage recoveries decreased to 50.4 to
82.0 %. Vanadium also displayed a high degree of agreement between theoretical and 
calculated concentrations in hair and blood serum samples (82.0 -  105.4 %) but 
displayed significant matrix effects in whole blood (122.6 -  195.2 %) potentially due to 
the high concentrations of chlorine in whole blood creating a polyatomic interference.
Slight matrix effects occurred for arsenic analysis in all biological media (Table 2.7). 
The highest level of accuracy was found for blood serum (106.0 -  121.3 %). However, 
high recoveries were observed for hair (130.4 -  144.7 %), whole blood (126.0 -  156.0
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%) and urine (113.4 -  128.3 %). The high recoveries were fairly stable across all 
concentrations within the standard range; therefore comparisons between populations 
within this study can be made. However, consideration must be taken when discussing 
small differences between study populations and the literature.
Selenium showed significant matrix effects in all biological media (111.7 -  228.7 %). 
This, in combination with the dilution factor effects observed (section 2.2.4), indicates 
that significant considerations have to be taken into account when discussing 
differences in selenium concentrations between populations. Further technique 
development would be required to discuss differences in selenium concentrations with 
a high degree of confidence in the accuracy of the data.
Table 2.6: Elemental concentration range for spiked standard analysis based on 
literature control values (e.g. Fifield & Haines, 2000; Barany et al., 2005; Goullé et al., 
2005; Heitland & Koster, 2006®).
Element Hair (mg/kg) Whole Blood (pg/l) Blood Serum (pg/l) Urine (pg/l)
As 100-400 5 .0 -20 1.0-4.0 50 -  200
Fe 10000-30000 na 1000-2500 na
Mn 500 - 3500 5.0 - 20 0.25-2.0 0 .5 -2 .0
Se 250-1750 50 - 200 100-250 5 .0 -6 0
V 1000-4000 0.05-0.2 0.05-0.2 na
Zn 150000-300000 4000-12000 1000-2500 50 - 600
na = not analysed due to no suitable control values
Table 2.7: Percentage recovery range for spiked biological standard analysis.
Element Hair (%) Whole Blood (%) Blood Serum (%) Urine (%)
As 130.4-144.7 126.0-156.0 106.0-121.3 113.4-128.3
Fe 90.9-100.6 - 96.4-100.8 -
Mn 101.6-111.2 105.5-108.9 101.8-109.6 50.4 -  82.0
Se 113.0-149.1 121.4-146.1 181.4-228.7 111.7-157.6
V 99.2-105.4 122.6-195.2 82.0-97.1 -
Zn 91.1-105.8 86.6 -  94.6 108.6-113.2 85.4 -  98.6
2.7 Solid Phase Extraction (SPE)
Solid phase extraction (SPE) became a widely used technique following the 
development of disposable sorbent cartridges in the late 1970’s (Poole et al., 2000). 
The early advances in SPE provided it with several advantages over liquid-liquid 
extraction (LLE) techniques; including reduced analysis time, cost, labour and organic 
solvent consumption and disposal, as well as allowing storage of the analyte of interest 
in the sorbed state (Wells, 2003). SPE techniques can be used to isolate and pre­
concentrate the desired analyte from liquid samples, and it is the most frequently used 
technique, for this purpose, in water analysis (Tobiszewski etal., 2009).
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2.7.1 Principle of solid phase extraction
Solid phase extraction (SPE) involves bringing a liquid sample into contact with a solid 
sorbent, whereby the analyte of interest is selectively adsorbed onto the surface of the 
solid phase (Dean, 2003). The analyte (e.g. arsenate) is retained on the solid surface 
for the duration of the sampling procedure until recovered via elution (Poole, 2003). 
SPE techniques commonly use small cartridges in the form of partially filled 
polypropylene syringes containing the sorbent (Colombo & Peretto, 2009), however 
SPE disks and direct addition of the sorbent material to the aqueous phase can also be 
employed (Tobiszewski et a!., 2009).
The SPE process typically involves four stages (Poole et a!., 2000):
1. Conditioning: improvement in analyte retention and reduction of impurity carry­
over during the elution stage;
2. Sample loading: retention of analyte following sample contact with adsorbent;
3. Washing: elution of unwanted matrix components (where necessary); and
4. Elution: isolation of the desired analyte.
Non-covalent (ionic. Van der Waals, hydrophobic) interactions are responsible for the 
separation of an analyte from the matrix (Weinbrenner, 2000). Sorbents can be divided 
into three classes based on their interactions (Dean, 2003):
• Normal phase: retention of polar compounds (e.g. organophosphorous 
pesticides);
•  Reverse phase: retention of non-polar compounds (e.g. polycyclic aromatic 
hydrocarbons); and,
•  Ion exchange: retention of anionic or cationic compounds (e.g. arsenate).
Ion exchange SPE sorbents are commonly used due to the ability to selectively 
influence the interaction between the adsorbent and the analyte (Weinbrenner, 2000). 
Many commercially available ion exchange adsorbents are based on silica gels due to 
their high stability to a very large number of organic reagents (Weinbrenner, 2000). Ion 
exchange SPE can be used for compounds that are charged when in solution (usually 
aqueous) (O’Reilly, 2010). The functionalisation of silica gels allows a range of 
adsorbents to be produced (Dean, 2003). Anion exchange (AX) sorbents can isolate 
anionic (negatively charged) compounds, whereas cation exchange (CX) sorbents can 
isolate cationic (positively charged) compounds (Sigma-Aldrich, 1998). The retention 
mechanism is based on the electrostatic attraction of the charged functional group on 
the compound and the oppositely charged group bonded on the silica surface (O’Reilly, 
2010). The elution of the analyte occurs when the functional group on the compound or
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sorbent is neutralised removing the electrostatic attraction, or when a solution with high 
ionic strength or one containing an ionic species is applied, thus displacing the 
adsorbed compound (O’Reilly, 2010).
Electrostatic interaction
■QGC
OH'
Retention Elution
Sorbent functional group
Fig. 2.10: Mechanism for anion retention and elution of strong anion exchange (SAX) 
sorbent (O’Reilly, 2010).
2.7.1.1 Strong anion exchange (SAX)
Anion exchange sorbents contain weakly basic functional groups, such as primary or 
secondary amines, which are charged under low-pH conditions. Strong anion 
exchange (SAX) sorbents comprise of a strongly basic functional group, such as a 
quaternary amine bonded to the silica surface (Fig. 2.10) (Wells, 2003; Colombo & 
Peretto, 2009). The pKa of a quaternary amine is greater than 14, therefore it is 
charged at all pH levels (Wells, 2003). SAX sorbents are independent of pH and can, 
therefore, be used for the adsorption of both strongly anionic (pKa < 1) and weakly 
anionic (pKa > 2) compounds so long as the pH of the solution is such that the analyte 
of interest is charged (Sigma-Aldrich, 1998; O’Reilly, 2010).
Electrostatic
Na NaNa Na
Na
Na
Na
Na
Retention Elution
Sorbent functional group
Fig. 2.11: Mechanism for cation retention and elution of strong cation exchange (SOX) 
sorbent (O’Reilly, 2010).
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2.7.1.2 Strong cation exchange (SCX)
Cation exchange sorbents contain weakly acidic functional groups, such as carboxylic 
acids which are charged in high-pH conditions. Strong cation exchange (SCX) sorbents 
comprise of a strongly acidic functional group, such as a benzenesulfonic acid bonded 
to the silica surface (Fig. 2.11) (Wells, 2003; Colombo & Peretto, 2009). The pKa of an 
aliphatic or aromatic sulfonic acid is below 1, therefore it is charged at all pH levels 
(Wells, 2003). SCX sorbents are independent of pH and can, therefore, be used for the 
adsorption of both strongly cationic (pKa > 14) and weakly cationic (pKa < 1 2 )  
compounds so long as the pH of the solution is such that the analyte of interest is 
charged (Sigma-Aldrich, 1998; O’Reilly, 2010).
2.7.2 Solid phase extraction roie in arsenic spéciation
Arsenic spéciation analysis has typically been laboratory based using chromatographic 
techniques such as high performance liquid chromatography (HPLC) or ion 
chromatography (1C) coupled with quantification methods such as ICP-MS or ICP- 
atomic emission spectrometry (AES) (Gettar et a!., 2000; Daus et a!., 2006; Ronkart et 
a!., 2007). The transportation or storage of unpreserved samples can impact the ratio 
of arsenate to arsenite within days or weeks (Kumar & Riyazuddin, 2010). A wide 
range of factors can impact the oxidation or reduction of inorganic arsenic species and 
need to be taken into consideration: redox potential, oxygen content, precipitates, 
microbial activity, light and temperature (Daus et a/., 2006). Several sample 
preservation techniques have been reported in the literature and methods generally 
vary depending on the research group. There are, however, some common methods 
such as, sample filtration using a 0.45 pm syringe filter and storage at 4 °C (Ronkart et 
a!., 2007; Kumar & Riyazuddin, 2010). Sample acidification can increase species 
stability by suppressing Fe or Mn precipitation and by reducing microbial activity 
(Kumar & Riyazuddin, 2010). Phosphoric acids both reduce the pH and complex Fe 
and Mn preventing As adsorption and oxidation (Daus et a!., 2002) and have been 
found to increase sample storage time to 3 months (Daus et a/., 2006). 
Ethylenediaminetetraacetic acid (EDTA) has also been used to chelate metal cations, 
buffer sample pH and reduce microbial activity (Bednar et a/., 2004).
Several solid phase extraction (SPE) techniques have been studied for the separation 
and preservation of inorganic arsenic species at the time of sampling. Many SPE 
methods are based on the Ficklin (1983) method using ion exchange cartridges to 
separate iAs'" and iAs  ^(Miller et a/., 2000). This method uses HCI as the eluting agent, 
causing problems with quantification techniques such as ICP-MS due to spectral 
interferences from ArCF (O’Reilly, 2010). Ion exchange is a common method for 
arsenic separation by SPE, however additional techniques have been successfully
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implemented including reverse-phase SPE (Yalçin & Le, 1998) and hybrid resin for 
both adsorption and ion exchange (Issa et al., 2010). A major disadvantage with many 
SPE techniques occurs when the methylated arsenic species monomethylarsonic acid 
(MA^) and dimethylarsinic acid (DMA^) are present in the water samples, as they have 
been shown to elute with either the iAs  ^ fraction (Bednar et al, 2004) or the iAs'" 
fraction (Miller et al., 2000) causing an overestimation of the main aquatic As species 
(iAs^ or iAs'"). Yu et al. (2003) showed that the four As species, iAs'", iAs ,^ MA^ and 
DMA^, could be separated by using a combination of SAX and SCX ion exchange 
cartridges. Recently, several multistage methods have been developed using a 
combination of SPE cartridges and pH adjustments to separate the four As species 
(Rahman et al., 2011; Voice et al., 2011).
The SPE technique utilised in this study was first developed by Watts et al. (2010) and 
involves a single stage separation using pre-conditioned SCX and SAX cartridges in 
sequence. Arsenate (iAs^) and MA^ are retained on the SAX, DMA'" is retained on the 
SCX and the uncharged iAs'" species is not retained on the cartridges.
2.7.3 Solid phase extraction arsenic speclatlon m ethodology
This method utilises Varian 500 mg Junior Bond Elut® strong cation exchange (SCX) 
and strong anion exchange (SAX) cartridges (Varian, Oxfordshire, UK). Prior to use, 
the SAX and SCX cartridges were conditioned to remove any unwanted contamination 
present in the cartridges from the manufacturing, packaging or handling process, and 
to also saturate the packing material leaving it in a state that is compatible with the 
initial mobile phase and sample. Conditioning of each SCX cartridge was undertaken 
using 15 ml of 50 % v/v Aristar® methanol (BDH, Poole, UK) followed by 15 ml of 1 M 
Aristar® phosphoric acid (BDH, Poole, UK) and 10 ml of distilled deionised water 
(DDW) (18.2 MQ/cm^). Each SAX cartridge was preconditioned using 15 ml of 50 % 
v/v Aristar® methanol (BDH, Poole, UK) and 10 ml of DDW (Fig. 2.12). A small volume 
of DDW used in the final process of conditioning was left in the cartridges to retain a 
moist packing material during storage. Prior to use in the field, this DDW was ejected 
from the cartridges using an air-filled 20 ml BD™ plastic syringe (Becton Dickinson Ltd, 
Oxfordshire, UK). Following conditioning, the cartridges were connected in series 
(SCX over SAX) with a 0.45 pm filter (Millex, Millipore, Bedford, USA) (Fig. 2.12). A 
known volume of sample water (30 ml) was then passed through the assembled kit 
using a clean/rinsed disposable 20 ml BD™ plastic syringe at a rate of -  5 ml/min into a 
clean 20 ml Sterilin® bottle. Once the sample had been passed through the cartridges, 
air was forced through to ensure that no solution remained within the cartridge material. 
The effluent, along with the cartridges, was then stored at 4 °C using a field-based
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storage container. The effluent retained the iAs'" species, the SCX cartridge retained 
DMA^ and the SAX cartridge captured the MA^ and iAs'" species (Fig. 2.12).
Field Sampling
SampleCartridge conditioning processes Cartridge elution processes
SCX Cartridge
15 ml 50% v/v 
CH3OH 
15ml1 M H3 PO4
10 ml DDW
SAX Cartridge
15 ml 50% v/v 
CH3OH 
10 ml DDW
0.45 pm filter
5 ml 80 mlVI CH3 COOH 
5 ml1 M HNO3 (iAs'^ )SCX Cartridge 
(DMA'")
SAX Cartridge' 
(IVIA'^  & iAs'^ ) I
SCX SAX
DMA' MA' IAs
iAs'
MA'' = monomethylarsonic acid 
DMA^ = dimethylarsinic acid
Key: iAs = arsenite
iAs = arsenate
Fig. 2.12: Field-based separation method for arsenic species (Watts etal. 2010).
Sample elution was undertaken upon return to the laboratory. Elution of the species 
retained on the cartridges was achieved using 5 ml of 1 M Aristar® nitric acid (Fisher 
Scientific Ltd, Leicestershire, UK) for DMA^ on the SCX cartridge into a 15 ml bottle. 
Monomethylarsonic acid (MA^) was eluted from the SAX cartridge with 5 ml of 80 mM 
Aristar® acetic acid (BDH, Poole, UK) into a 15 ml bottle followed by 5 ml of 1 M 
Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) to elute the lAs  ^ species 
also retained on the SAX cartridge, which was eluted into a separate 15 ml bottle (Fig. 
2.12). All the arsenic fractions collected from the SPE cartridges were stored at 4 °C in 
a laboratory refrigerator prior to analysis by ICP-MS. Based on the SPE methodology, 
a preconcentration factor of x6 is applied to the eluted fractions of iAs ,^ MA^, and 
DMA^ from the SPE cartridges (30 ml water sample passed through the cartridge set­
up, followed by arsenic species removal with 5 ml eluting solution). The LOD for each 
of the arsenic species by field-based SPE method (using ICP-MS detection) is 0.2 pg/l 
iAs'", 0.02 pg/l iAs ,^ 0.02 pg/l MA^ and 0.02 pg/l DMA^. Validation of the spéciation 
technique was conducted by an intralaboratory technique comparison with HPLC-ICP- 
MS (O'Reilly, 2010).
2.7.4 Solid phase extraction limitations: pH
The field-based method utilised for separating the arsenic species at the time of 
sampling is dependent upon the charge of the species as it goes through the cartridges 
(Watts et al. 2010, O'Reilly 2010). The charge of arsenic species is dependent upon
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the pH and the redox conditions present in the water sample. At low pH levels, such as 
below pH 2, lAs  ^ becomes an uncharged species, H3ASO4  (section 1.1.1). The solid 
phase extraction method relies upon iAs  ^ to be present in the sample in a charged 
state in order to adsorb onto the strong anion exchange cartridge. This may have a 
significant influence on the ability of the SPE cartridges to effectively provide data for 
water samples with extremely low pH. This low pH could cause iAs  ^to contribute to the 
iAs'" fraction leading to an overestimation of iAs'" concentration.
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(b)
1 0 0  
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0
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Arsenate Fraction
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Fig. 2.13: Evaluation of the solid phase extraction (SPE) cartridges for the separation 
of arsenic species at varying pH levels: (a) 1 mg/l arsenate solution; (b) 1 mg/l arsenite 
solution.
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During the initial testing of the solid phase cartridges, the cartridges were not evaluated 
at pH levels below pH 4 (Watts et al. 2010). Therefore to monitor the effect of pH on 
the recovery of the arsenic species a range of iAs'" and iAs  ^ samples were prepared 
over a pH range of 1 to 12. At pH levels below 2 the lAs  ^fraction significantly reduces 
and the iAs'" fraction simultaneously increases despite only the presence of iAs^ in the 
original solution (Fig. 2.13). This confirms the proposition that the iAs  ^does not interact 
with the exchange materials at pH levels below 2 due to the species being uncharged, 
and therefore the SPE does not separate these two arsenic species leading to an 
overestimation of the iAs'" fraction. In contrast, the iAs'" solution did not show any 
significant variance with pH (Fig. 2.13).
To ensure the retention of arsenate onto the SPE cartridge, arsenic spéciation samples 
were only collected from water samples with a pH level above 2, thus reducing the 
possibility of overestimating the iAs'" concentration.
2.8 Statistical Calculations
The following sections outline the statistical calculations used throughout this study, for 
the following:
• the calculation of precision (section 2.8.1) and accuracy (section 2.8.2) of 
analytical measurements;
• the comparison of two normally distributed population means data using t-tests 
(section 2.8.3);
• the comparison of two populations using non-parametric methods, namely 
Mann-Whitney U-Tests (section 2.8.4);
• the evaluation of the correlations using the Product Moment Correlation 
Coefficient (section 2.8.5); and,
• the evaluation of the correlations using the non-parametric methods, namely 
Spearmans Rank Correlation Coefficient (section 2.8.6).
The process undertaken to determine the type of statistical test required is outlined in 
Figure 2.14.
2.8.1 Precision
Precision is the “degree of agreement between replicate measurements of the same 
quantity (Miller & Miller, 2010). Precision can be distinguished as repeatability and 
reproducibility. The repeatability of a method is defined as the “wIthin-run" precision: 
that is replicate analysis of the same quantity under the same conditions, within the 
same lab, on the same instrument and by the same person within one sample run. 
Whereas, reproducibility can be defined as “between-run” precision: that is when a 
one of the above conditions varies, for example sample analysis on different days or by
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different people (Miller & Miller, 2010). The precision of a method can be estimated 
using the relative standard deviation (RSD) of replicate measurements (Eq. 2.5). A high 
level of precision will be represented by a low RSD percentage.
No
Yes
NoYes Yes
No
NoneSome No Yes
DFA
2 groups> 2 groups
Take Logs
START
Reject Outliers
One-way
ANOVA
Factorial
ANOVA
One DV & 
One IV
How many 
covariates?
Factorial
ANCOVA
How many 
groups in IV?
Multiple DV & Multiple IV
Grubb’s Test: Outliers?
Normal Distribution?
How Many IV & DV?
Descriptive Statistics
Log-Normal
Distribution?
Multiple DV & 
One IV
F-Test: 
Equal variance?
T-Test, assuming 
unequal variance
T-Test, assuming 
equal variance
Non-parametric tests (e.g. 
Mann Whitney U-Test)
Fig. 2.14: Statistics method flow diagram: IV = independent variables; DV = dependent 
variables; ANOVA = analysis of variance; ANCOVA = analysis of covariance; DFA = 
discriminant functional analysis (Joda, 2012).
RSD (%) = (standard deviation / mean) x 100 
Eq. 2.5: Calculation of relative standard deviation (Miller & Miller, 2010).
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|t| =  ~  DoF =  n -  1
SU
Eq. 2.6: Calculation of |t|for the comparison of an experimental mean with a certified 
value (Miller & Miller, 2010). [x  = experimental mean; p = certified value; n = number of 
samples; sd = standard deviation; DoF = degrees of freedom].
2.8.2 Accuracy
Accuracy is the “closeness of agreement between a test result and the accepted 
reference value” (Miller & Miller, 2010). Within this research certified reference 
materials have been used to evaluate the accuracy of the ICP-MS (refer to section 
2.6.7). For this purpose the following null hypothesis (Ho) has been selected: 
experimental mean (%) = certified value (p). In order to determine whether the 
difference between x  and p is significant a |t| value has been calculated using Equation 
2.6. If the calculated |t| value exceeds a certain critical value then the null hypothesis 
is rejected.
2.8.3 Comparison o f the mean value from two populations
The closeness of agreement between two population means can be estimated using a 
t-test based on the null hypothesis (Ho) X\ = %2 . These statistical tests have been 
utilised for the comparison of experimental means obtained using two different 
analytical instruments (interlaboratory comparison).
Initial statistical tests are required to determine whether the standard deviations of the 
two populations are significantly different. In order to test this assumption an F-test is 
conducted (Eq. 2.7). If the calculated |F| value exceeds a certain critical value then it 
can be assumed that there is a significant difference between the standard deviations.
sdl
\F\ =
sdl
(where is always F > 1 ) DoF = ni -  1 and r\2 -1
Eq. 2.7: Calculation of |F| for the comparison of two standard deviations (Miller & 
Miller, 2010). [sd = standard deviation; n = number of samples; DoF = degrees of 
freedom].
If the standard deviations of the two experimental means are not significantly different 
(Fcaic < Fcrit) a pooled estimate (s) of the standard deviations can be calculated (Eq. 
2.8b) and a |t| value can subsequently be calculated using Equation 2.8a. However, if 
the standard deviations of the two experimental means are significantly different (Fcaic > 
Fcrit) a pooled estimate (s) of the standard deviations cannot be determined. Therefore,
74
Chapter 2: Analytical Methodology 
a different calculation must be used for the determination of |t| (Eq. 2.9). For either 
calculation (Eq. 2.8a or 2.9), if the determined |t| value exceeds a certain critical value 
then the null hypothesis is rejected, that is: there is a significant difference between the 
two experimental means.
(a) 1^1 %  -
|t| =
(— +  — )
\ r i i  n 2J
DoF = Hi + H2  -2
2 _  (^ 1  “  1 )5 ^ 1  +  (JL2 — 1 )5 ^ 2  
(^ 1  +  n2 -  2 )
Eq. 2.8: Calculation of (a) |t| for the comparison of two experimental means, and (b) a 
pooled estimate of the standard deviations (Miller & Miller, 2010). [x = experimental 
mean; n = number of samples; sd = standard deviation; s = pooled estimate of sd; 
DoF = degrees of freedom].
i t i =
y I «1 ^2 y
DoF =
( sdl  , s d l \
\ n i  ri2 )
sd^ + sdl
Lnf (712 -  1 )b il ( ill -  1)J
Eq. 2.9: Calculation of |t| for the comparison of two experimental means when the 
standard deviations are significantly different and the calculation of the degrees of 
freedom (DoF) (Miller & Miller, 2010). [x = experimental mean; n = number of samples; 
sd = standard deviation; DoF = degrees of freedom].
2.8.4 Mann-W hitney U-Test
The Mann-Whitney U-test is a non-parametric method for evaluating statistical 
differences between two sample groups, which are not normally distributed (Miller & 
Miller, 2010). The test involves finding the number of values in one sample group that 
exceeds each of the values in the other. The total number of values which are higher is 
the called the test statistic. The null hypothesis (Ho) for a Mann-Whitney U-test is that 
there is no significant difference between the two groups of data. If the test statistic is 
less than or equal to the critical value then the null hypothesis is rejected, indicating 
that a significant difference does exist at that significance level. All Mann-Whitney U- 
tests were conducted using SPSS statistics software (version 20).
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2.8.5 Product mom ent (Pearson) correlation coefficient
The product moment correlation coefficient (rp) is a common method for the estimation 
of how well experimental points within a normally distributed population fit a straight 
line (Miller & Miller, 2010). All product-moment correlation coefficients (rp) were 
conducted using SPSS statistics software (version 20). The calculation of r is outlined 
in Equation 2.10. The value of rp can range from -1 to + 1. A value of -1 describes a 
perfect negative correlation and a value of +1 describes a perfect positive correlation. 
When there is no correlation between x and y a value close to zero is obtained.
High values of rp (i.e. > 0.90) are typically obtained within general analytical practise: 
for example, the production of a calibration graph. However, when low r values are 
obtained it is necessary to conduct a statistical test to ascertain whether the correlation 
is significant, taking into account the number of points used in the calculation. The 
simplest method of determining the significance of a correlation is to use a t-test (Eq. 
2.11) whereby the null hypothesis (Ho) that there is no correlation between x and y. If 
the determined |t| value exceeds a certain critical value then the null hypothesis is 
rejected, that is: there is a significant correlation between the two sets of data.
— x ) ( y i  — y)}
{ [Z i (x i  -  x y ] [ Z t ( y i  - y y ] ] ^
Eq. 2.10: Calculation of the product moment correlation coefficient (rp) (Miller & Miller, 
2010). [x = experimental mean of x-axis values; ÿ  = experimental mean of y-axis 
values].
,,, _  |rp |V (n -2 )
DoF = n -  2
Eq. 2.11: Calculation of |t| for the evaluation of the significance of a correlation 
between two sets of data (Miller & Miller, 2010). [rp = product-moment correlation 
coefficient; n = number of samples; DoF = degrees of freedom].
2.8.6 Spearman rank correlation coefficient
The Spearman rank correlation coefficient (Yg) is a non-parametric test which allows the 
significance of a correlation between two sample groups, which are not normally 
distributed, to be evaluated (Miller & Miller, 2010). The values for each sample group 
are ranked in ascending order. The differences between the ranks are then calculated 
and used to establish the correlation coefficient using Equation 2.12. The null 
hypothesis (Ho) states that there is no correlation between the two sets of data. 
Therefore, if the rg value exceeds the critical value at the selected significance value.
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the null hypothesis can be rejected indicating that a significant correlation does exist. 
All Spearman rank correlation coefficients were calculated using SPSS statistics 
software (version 20).
e 'Z id f
Eq. 2.12: Calculation of the Spearman rank correlation coefficient (Yg) (Miller & Miller, 
2010). [rg = Spearman rank correlation coefficient; n = sample number; dj = difference 
between the ranks].
2.9 Summary
In this chapter the analytical methods and instrumentation used within this study have 
been outlined in sections 2.1 to 2.7. Sample collection and preparation methods for all 
sample matrices have been discussed (sections 2.1 -  2.5). Trace element, including 
total arsenic and arsenic spéciation analysis was conducted using an Agilent 7700x 
series inductively coupled plasma mass spectrometer (ICP-MS). The instrumentation 
has been outlined in section 2.6.2. The ICP-MS instrument had a limit of detection 
(LCD) for arsenic of 0.2 pg/l As? (section 2.6.3); achieved using a helium collision cell 
to reduce polyatomic interferences such and " °^Ai^^cr (section 2.6.5). The performance 
of the instrument was monitored using spike recovery tests (section 2.6.8) and two 
certified reference waters (CRM): TMDA 54-4 (National Water Research Institute, 
Canada) and NIST SRM 1643e (National Institute of Standards and Technology, USA) 
(section 2.6.7). Arsenic spéciation analysis was conducted using a solid phase 
extraction (SPE) technique (section 2.7) followed by ICP-MS analysis. Furthermore, the 
statistical tests used throughout this research have been outlined in section 2.8.
The methods outlined in this chapter have been used for the analysis of environmental 
and biological samples collected from Argentina. Water sample analysis was 
conducted to evaluate the level of exposure to arsenic through ground, surface and tap 
water and the results are discussed in Chapter 3. Furthermore, human hair, fingernail 
and toenail samples have been collected to evaluate the relationship between arsenic 
exposure in water and levels in human samples (Chapter 4). In addition to the 
‘exposure’ study, further biological samples (urine, whole blood and blood serum) were 
collected from participants in Eduardo Castex to establish whether a link exists 
between arsenic and type-2 diabetes (Chapter 5). The final part of the research was to 
evaluate methods for the removal of arsenic from water. All methods and results from 
the arsenic removal study are outlined and discussed in Chapter 6.
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Chapter 3: Natural Arsenic Contamination of Water in Argentina
3.0 Introduction
The main aim of this research was to establish whether any statistical relationship 
exists between arsenic levels in drinking water and levels in human biomarkers (hair, 
fingernails and toenails). In order to investigate any possible relationship two regions 
with known quantitative levels of arsenic in water were selected: General Roca (Rio 
Negro) and Eduardo Castex (La Pampa). General Roca is known to have low levels of 
arsenic in surface and groundwater (typically < 10 pg/l) (Hill, 2009; O’Reilly, 2010; 
O’Reilly et al., 2010). Eduardo Castex, on the other hand, lies in the province of La 
Pampa, which has known high levels of arsenic (range: < 4 -  5300 pg/l) within the 
groundwater system (Smedley et al., 2002; O’Reilly et al., 2010; Watts et al., 2010). 
Water data for the areas surrounding General Roca and Eduardo Castex have been 
outlined and compared to previously reported data in sections 3.1 and 3.3, 
respectively.
In addition, two new regions have been evaluated: Los Menucos (Rio Negro) and 
Copahue-Caviahue (Neuquén). The town of Los Menucos is in the Rio Negro Province. 
However, unlike General Roca, Los Menucos relies heavily upon groundwater as a 
source of drinking water. Los Menucos has, therefore, been selected for comparison 
with Eduardo Castex which is also reliant upon groundwater. The water data from Los 
Menucos has been presented in section 3.2.
Copahue-Caviahue is a volcanic region in the province of Neuquén. High levels of 
arsenic have been reported in the surface water of the volcanic rio (river) Agrio 
(Gammons et al., 2005), however limited data is available and no arsenic spéciation 
analysis has previously been undertaken. The surface and geothermal waters in the 
Copahue-Caviahue region have been evaluated for total elemental and arsenic species 
composition and all data is outlined and discussed in section 3.4 (Farnfield et al., 
2012).
3.1 R io Negro Province: General Roca
The Rio Negro Province forms part of the region of Patagonia and has borders with the 
provinces of La Pampa (north), Neuquén (northwest) and Chubut (south), as well as 
bordering Chile at its southwest corner. The northern border follows the rio Colorado 
and the western border follows the rio Limay. The province is crossed, northwest to 
southwest, by the rio Negro (Zarate, 2003) which lies within a depression and provides 
the main water source for the northern part of the province. Several settlements are 
supported by the rio Negro along the valley, including the study site of General Roca.
The town of General Roca lies in the Alto Valle, the westerly section of the rio Negro 
valley (Fig. 3.1). The river forms the main water source and is channelled into canals
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and small ‘canalitos’ which run through the town. It has previously been reported that 
the rio Negro surface waters contain 0.84 to 16.4 pg/l Asj (Hill, 2009; O’Reilly, 2010; 
O’Reilly et al., 2010). Groundwater is also periodically used for agricultural irrigation, as 
well as for drinking water in both urban and rural areas surrounding the town. Arsenic 
levels of 0.50 to 5.18 pg/l Asy have been recorded in urban wells from General Roca 
(O’Reilly, 2010; O’Reilly et al., 2010). Arsenic spéciation data has also been reported. 
Arsenite (iAs'") remained below the World Health Organisation (WHO) guideline 
drinking water limit of 10 pg/l Asj (range: < detection -  8.6 pg/l iAs'"), whereas, arsenate 
(iAs^) ranged from below detection to 13.3 pg/l iAs .^ Low levels of the methylated 
species, monomethylarsonic acid (MA^) and dimethylarsinic acid (DMA^) were also 
reported: below detection to 3.3 pg/l MA^ and from below detection to 1.2 pg/l DMA^, 
respectively (O’Reilly et al., 2010).
As part of this study, additional ground, surface and tap water samples have been 
collected from General Roca to evaluate whether the low arsenic levels in water from 
the area surrounding the town have been maintained; thus allowing the use of General 
Roca as a low arsenic control region within the human sample analysis study (Chapter 
4).
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 3.1: Province of Rio Negro: locations of General Roca and Los Menucos (adapted 
from IGM, 2012).
3.1.1 Sample locations
Ground, surface and tap water samples were collected from the area surrounding 
General Roca. Rural farms and communities surrounding the town have access to 
groundwater, typically for animal consumption or irrigation. Five rural well samples 
were collected from local farms (GR 1 and 5) and a zoological park (GR 2 -  4). In
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addition, a total of 10 surface water samples were collected either directly from the river 
(GR 6 - 8 ,  and 13), from lakes connected to the river (GR 9 -  12) or from river water 
pumped to a local farm (GR 14). A further 2 tap water samples (GR 15 -  16) were 
collected from within the town of General Roca. A filtered and acidified (F/A) total 
elemental sample was collected from each site and an arsenic spéciation sample was 
collected from sites 1, 2, 5, and 14 to 16. All sample location information, 
physicochemical parameters and arsenic levels are reported in the Appendix (Table 
B1).
3.1.2 Physicochem ical param eters
Water samples collected typically had a neutral pH, except some surface water 
samples which were slightly alkaline: rural wells pH range 7.18 to 7.66 (n = 5); surface 
water pH range 7.60 to 9.41 (n = 10); and tap water pH range 6.89 to 6.90 (n = 2). 
These pH levels were similar to those observed by O’Reilly (2010), who reported: 
urban wells pH range 7.1 to 8.0 (n = 6); surface water pH range 6.9 to 8.8 (n = 15); and 
tap water pH range 7.0 to 8.8 (n = 31). Similar pH data was also reported by O’Reilly et 
al. (2010) for rio Negro surface waters (n = 40): pH range 6.9 to 9.2.
Table 3.1: Physicochemical parameter levels for ground, surface and tap water 
samples collected around General Roca (Rio Negro).
Code (GR #) Sample Type pH Eh (mV) 0  (pS/cm) TDS (mg/l)
1 -5 rural well 7.18-7.66 117-360 196-1460 99 - 729
6 — 8, 13-14 river 7.60 - 9.24 59 - 333 121 -452 59 - 224
9 -12 lake 7.91-9.41 130-353 142-254 71 - 127
15-16 tap 6.89 - 6.90 627 - 668 154-156 77
Eh = redox potential; 0 = conductivity; TDS = total dissolved solids
Large variations were observed in both conductivity and total dissolved solids (Table 
3.1) and in a previous study high conductivity (range: 908 -  3149 pS/cm) and total 
dissolved solids (range: 470 -  1994 mg/l) were reported (O’Reilly, 2010; O’Reilly et al., 
2010). Redox potential also displayed significant variation (range: 59.0 -  668 mV). The 
highest Eh levels were recorded in the tap water samples (mean: 648 ± 29.0 mV). 
Variations in the chemical composition of ground and surface water can occur due to 
annual variation in rainfall, thus causing differences between studies. Localised 
variation can also occur between sampling sites due to changes in parameters such as 
rock composition and water residency time. Smedley et al. (2002) reported significant 
variations in the chemical composition of groundwater sources in La Pampa, and this 
will be expanded upon in section 3.3.1.2.
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3.1.3 Total arsenic and arsenic speclatlon
Total arsenic (Asy) levels were below the WHO guideline limit for drinking water (10 
pg/l) in all ground (range: 2.0 -  7.6 pg/l Asy), surface (range: < 0.2 -  5.7 pg/l Asy) and 
tap water (range: 2.4 -  2.5 pg/l Asy) samples (Table 3.2). Similar results were reported 
by O’Reilly (2010), and only a couple of surface water samples slightly exceeded the 
WHO limit (range: 0.84 -  14.2 pg/l Asy; n = 52). <
In groundwater samples (n = 3) arsenite ranged from 1.0 to 2.5 pg/l IAs'" (percentage 
fraction range: 39.8 -  45.3 %) and arsenate ranged from 0.65 to 2.8 pg/l lAs  ^
(percentage fraction range: 25.7 -  46.5 %). A single surface water sample was 
analysed for arsenic spéciation: iAs'" 24.5 % and iAs  ^41.8 %. In tap water samples (n 
= 2) arsenite was present at 1.1 pg/l IAs'" (percentage fraction range: 34.5 -  35.1 %) 
and arsenate was present at 1.2 pg/l lAs  ^(percentage fraction range: 37.7 -  39.0 %).
Table 3.2: Total arsenic (Asy) and arsenic species for ground, surface and tap water 
samples in General Roca, Rio Negro.
IAs'" IAsV m a '' DMA''
Code ASy
(Mg/l) Cone.
(Mg/l)
% Cone.
(Mg/l)
% Cone.
(Mg/l)
% Cone.
(Mg/l)
%
Rural Well
GR1 2.2 1.2 45.3 0.65 25.7 0.57 22.2 0.17 6.8
GR2 2.2 1.0 39.8 0.96 36.8 0.44 16.8 0.17 6.6 .
GR5 7.6 2.5 41.4 2.8 46.5 0.55 9.1 0.18 3.1
River
GR 14 4.2 1.1 24.5 1.9 41.8 1.3 28.1 0.26 5.6
Tap
GR 15 2.5 1.1 34.5 1.2 39.0 0.55 17.6 0.28 9.0
GR 16 2.4 1.1 35.1 1.2 37.7 0.57 18.4 0.28 8.8
iAs'" = arsenite; iAs^ 
total arsenic; Cone. =
= arsenate; IVIA^  = 
concentration; % =
monomethylarsonic acid; DMA^ = 
percentage fraction of species
dimethylarsinic acid; Asy =
The distribution of the inorganic arsenic species iAs'" and iAs ,^ varied slightly between 
samples. However, the percentage of arsenic species in 5 out of the 6 samples 
typically favoured iAs ,^ suggesting mildly oxidising conditions (Table 3.2). Sample GR 
1 (ground water), on the other hand, had a significantly higher iAs'" fraction (45.3 %) 
than iAs  ^ (25.7 %), and also had a lower redox potential (117 mV) when compared to 
the other samples analysed for arsenic spéciation (range: 198 -  668 mV) indicating 
slightly stronger reducing conditions. O’Reilly at si. (2010) reported arsenate as the 
dominant species in most surface water samples, whereas arsenite dominated in the 
tap and groundwater samples.
As previously reported by O’Reilly at a/. (2010), low levels of the methylated species, 
MA^ and DMA^, were found in all water samples from General Roca (range: 0.44 - 1 . 3
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pg/l MA^; 0.17 -  0.28 pg/l DMA^). However, due to the overall low levels of arsenic
12.2 to 33.7 % of the total arsenic level was comprised of the methylated species 
(Table 3.2).
3.1.4 Trace elem ent levels
All trace elements analysed were below the respective WHO guideline drinking water 
limits (where available) in all ground, surface and tap water samples (Table 3.3). 
O’Reilly (2010) also found low levels of Fe and Mn within ground and tap water. 
However, elevated Mn levels were recorded in two surface water samples, with one 
slightly exceeding the 400 pg/l Mn WHO guideline limit (WHO, 2008). The correlation 
between arsenic and other trace elements is discussed in section 3.5.
Table 3.3: Trace element levels in ground, surface and tap water samples from 
General Roca (Rio Negro) and the respective recommended WHO guideline limits for 
drinking water (WHO, 2008).
Code Ast (pg/l) V(pg/i) Mn (pg/l) Fe (pg/l) Zn (pg/l) Se (pg/l) U (pg/l)
WHO Limit 10 na 400 na na 10 15
Rural Well
GR1 2.2 1.2 13.0 12.9 1.2 <0.7 < 0.001
GR2 2.2 1.1 <0.01 <0.2 3.6 <0.7 < 0.001
GR3 2.0 1.0 <0.01 <0.2 < 0.2 <0.7 <0.001
GR4 2.0 1.4 <0.01 <0.2 <0.2 <0.7 <0.001
GR5 7.6 28.2 153 58.9 1.5 0.56 11.8
River
GR6 <0.2 4.6 7.5 5.1 75.0 <0.7 < 0.001
GR7 4.0 1.2 <0.01 <0.2 <0.2 <0.7 < 0.001
GR8 2.5 1.1 2.5 <0.2 <0.2 <0.7 < 0.001
GR 13 2.4 0.81 <0.01 <0.2 <0.2 <0.7 <0.001
GR 14 4.2 1.9 <0.01 <0.2 4.2 <0.7 <0.001
Lake
GR9 2.6 1.5 1.4 <0.2 <0.2 <0.7 < 0.001
GR 10 5.7 13.3 <0.01 18.6 < 0.2 <0.7 < 0.001
GR 11 2.2 0.61 <0.01 <0.2 <0.2 <0.7 <0.001
GR 12 2.5 1.8 <0.01 <0.2 < 0.2 <0.7 <0.001
Tap
GR 15 
GR 16
2.5
2.4
0.78
0.72
<0.01
<0.01
<0.2
<0.2
<0.2
2.5
<0.7
<0.7
< 0.001 
< 0.001
na = no guideline limit provided by WHO (2008)
3.2 R io Negro Province: Los Menucos
The town of Los Menucos lies approximately 250 km south of General Roca within a 
semi-arid region of the Rio Negro Province (Fig. 3.1). The rock formations surrounding 
Los Menucos form part of a volcanic complex with several zones of mineralization 
(Maiza at a/., 2003). Research conducted at two mines (Blanquita and Equivocada)
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approximately 30 km south-east of Los Menucos revealed a large amount of 
hydrothermal alteration of the mineral zones. Hydrothermal alteration is defined as the 
replacement of original minerals in a rock with new minerals where a hydrothermal fluid 
both delivers the chemical reactants and removes the reaction products (Marfil & 
Maiza, 2012). Chemical analysis of the kaolinite deposits revealed high levels of 
arsenic in the rocks, with significant variation between the two mines: Blanquita 140 to 
707 mg/kg Asy and Equivocada 0 to 107 mg/kg Asy (Marfil & Maiza, 2012).
Access to surface water is limited in central areas of the Rio Negro Province, and 
towns, such as Los Menucos, rely heavily upon groundwater sources for drinking, 
agricultural and recreational purposes. It has been reported that communities in 
Argentina which are reliant upon groundwater can be exposed to elevated levels of 
arsenic due to the long contact period of the water with arsenic-containing minerals 
(Smedley ef al., 2002; O’Reilly, 2010). However, water from Los Menucos has not been 
previously analysed for arsenic contamination. In April 2012, a study was conducted to 
evaluate the levels of arsenic in groundwater from Los Menucos.
3.2.1 Sample locations
A total of 8 groundwater samples were collected for total elemental and arsenic 
spéciation analysis from the area surrounding Los Menucos. Six of these samples (LM 
1 - 6 )  were from wells used for animal consumption, located on the Garrido Estancia 
(estate). A further two well water samples (LM 7 - 8 )  were taken from urban wells 
within the town of Los Menucos. In addition to the groundwater samples a single tap 
water sample (LM 9) was also analysed. All sample location information, 
physicochemical parameters and arsenic levels are reported in the Appendix (Table 
B2).
Table 3.4: Physicochemical parameters for ground and tap water samples collected 
around Los Menucos (Rio Negro).
Code (LM #) Sample Type pH Eh (mV) C (pS/cm) TDS (mg/l)
1 -6 rural well 7.28 -  8.05 235 - 302 285-1309 149-655
7 -8 urban well 7.60-8.00 293 - 302 1335-1638 667 - 823
9 tap water 7.66 287 1658 830
Eh = redox potential; 0 = conductivity; TDS = total dissolved solids
3.2.2 Physicochemical parameters
Water collected in Los Menucos displayed similar physicochemical parameters to those 
collected in General Roca (Table 3.1 & 3.4). The pH levels were neutral: rural well 
water pH range 7.28 to 8.05 (n = 6); urban well water pH range 7.60 to 8.00 (n = 2); 
and tap water pH 7.66 (n = 1). Large variations in conductivity and total dissolved
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solids were recorded (Table 3.4), however only small variations in redox potential 
occurred (range: 235 -  302 mV).
3.2.3 Total arsenic and arsenic speclatlon
Arsenic (Asy) was detected at levels above the WHO guideline limit for drinking water 
(10 pg/l Asy) in 77.8 % of the water samples analysed and the levels ranged from 9.3 
to 35.8 pg/l Asy. The highest arsenic levels were detected in the tap water sample from 
an urban home in the centre of Los Menucos (LM 9: 35.8 pg/l Asy).
Arsenic spéciation analysis was completed on all groundwater samples (Table 3.5). 
Arsenate (lAs^) was the dominant species in most of the rural well water samples (LM 
1 - 5 :  53.0 -  72.7 %), whereas arsenite (iAs'") was was dominant in a single rural well 
(LM 6: 65.3 %) and both urban well water samples (LM 7 & 8: 66.0 -  71.1 %). 
Relatively high fractions of the methylated species monomethylarsonic acid (MA^) were 
also present in all samples (percentage fraction range: 12.4 -  33.9 %), with lower 
percentage fractions of the double methylated species dimethylarsinic acid (DMA^: 1.4 
-2 .3 % ).
Table 3.5: Total arsenic (Asy) and arsenic species for ground water samples in Los 
Menucos, Rio Negro.
iAs'" IAs'' NIA'' DMA''
Code ASy(Mg/l) Cone.
(M9/I)
% Cone.
(M9/I)
% Cone.
(M9/I)
% Cone.
(M9/I)
%
Rural Well
LM 1 9.3 1.1 10.9 5.6 58.0 2.8 28.8 0.22 2.3
LM2 20.6 2.6 12.0 11.3 53.0 7.1 33.4 0.34 1.6
LM3 28.6 1.7 6.3 15.9 58.3 9.3 33.9 0.40 1.5
LM4 35.7 3.4 13.4 18.7 72.7 3.2 12.4 0.39 1.5
LM5 9.8 1.0 10.5 5.6 57.2 2.9 30.1 0.22 2.2
LM6 20.7 11.2 65.3 2.9 17.2 2.7 15.7 0.31 1.8
Urban Well
LM7 25.3 16.9 71.1 0.59 2.5 5.9 24.9 0.34 1.4
LM8 23.1 12.4 66.0 0.71 3.8 5.4 28.5 0.31 1.6
iAs'" = arsenite; IAs'' 
total arsenic; Cone. =
= arsenate; MA'' 
concentration; %
= monomethylarsonic acid; DMA'' = 
= percentage fraction of species
dimethylarsinic acid; Asy =
A slight negative correlation between the iAs /^iAs'" ratio and redox potential was 
observed for samples collected in Los Menucos. This trend is opposite to that 
expected. As the redox potential of a system increases it becomes more oxidising 
(Emerson, 2008). Therefore, it would be expected that lAs  ^ would become the 
dominant species. This data highlights the complexity of arsenic spéciation due to the 
influence of several factors including redox potential, pH and the presence of biological
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organisms, thus making it difficult to predict the distribution of arsenic species within a 
water system without quantitative analysis.
3.2.4 Trace elem ent levels
Low levels of most trace elements were observed in the water samples collected from 
Los Menucos. However, levels of vanadium (range: 39.4 -  230 pg/l V) and uranium 
(range: < 0.001 -  18.6 pg/l U) were elevated in comparison to the levels recorded in 
General Roca (range: 0.72 -  28.2 pg/l V; < 0.001 -  11.8 pg/l U) (refer to Tables 3.3 &
3.6).
There are uncertainties surrounding the toxicology and epidemiology of uranium and 
insufficient data is available on the carcinogenicity of uranium in humans (WHO, 2008). 
The intake of uranium through water consumption is usually low, however in 
circumstances where elevated levels of uranium are present in the drinking water this 
can become the major pathway for uranium intake (WHO, 2008). Levels in all samples 
collected from urban and rural groundwater wells were below the WHO guideline limit 
for uranium of 15 pg/l U (range: < 0.001 -  14.2 pg/l U). However, the single tap water 
sample collected contained 18.6 pg/l U. This sample also contained the highest levels 
of arsenic (35.8 pg/l Asy) and vanadium (230 pg/l V).
Table 3.6: Trace element levels in ground and tap water samples from Los Menucos 
(Rio Negro) and the respective recommended WHO guideline limits for drinking water 
(WHO, 2008).
Code Asy (pg/l) V(pg/i) Mn (pg/l) Fe (pg/l) Zn (pg/l) Se (pg/l) u (pg/l)
WHO Limit 10 na 400 na na 10 15
Rural Well
LM 1 9.3 52.2 <0.01 <0.2 9.0 <0.7 <0.001
LM2 20.6 144 0.46 56.1 25.0 0.13 1.6
LM3 28.6 211 4.4 71.3 132 <0.7 1.5
LM4 35.7 196 10.8 83.1 11.5 <0.7 6.5
LM5 9.8 39.4 <0.01 <0.2 <0.2 <0.7 < 0.001
LM6 20.7 178 <0.01 <0.2 2.5 0.72 12.3
Urban Well
LM7 25.3 191 <0.01 4.8 1.1 <0.7 14.2
LM8 23.1 194 <0.01 <0.2 4.1 0.84 10.6
Tap
LM9 35.8 230 <0.01 <0.2 <0.2 0.91 18.6
na = no guideline limit provided by WHO (2008)
Ingestion of high levels of vanadium is a potential health risk and the California Office 
of Environmental Health Hazard Assessment has proposed a notification level of 15 
pg/l V for drinking water (Gerke et al., 2010). However no guideline limit for drinking
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water has currently been set by the WHO. Vanadium levels in all water samples were 
higher than the notification level of 15 pg/l V (range: 39.4 -  230 pg/l V).
3.3 La Pampa Province: Eduardo Castex
The province of La Pampa (Fig. 3.2) lies in central Argentina and has borders with both 
Rio Negro and Neuquén in the south. La Pampa forms part of the Chaco-Pampean 
plain, a vast area of 1.2 x 10® km  ^ (Smedley et al., 2002). The study area of Eduardo 
Castex lies in the northern part of the La Pampa province, approximately 80 km north 
of the provincial capital of Santa Rosa. The annual rainfall in Eduardo Castex is 650 
mm (Smedley et al., 2005) and the lack of perennial surface waters makes 
groundwater a critical source for both domestic and agricultural use (Smedley et al., 
2002).
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 3.2: Province of La Pampa: location of Eduardo Castex (adapted from IGM, 2012).
The Chaco-Pampean plain comprises of a thick sequence of sediments of Mesozoic to 
Quaternary age. The topmost part consists of blanketing aeolian loess deposits which 
form the main exploited aquifers in the region (Smedley et al., 2002; Smedley et al., 
2005). Volcanic activity has had an important impact on the composition of the 
Pampean loess with frequent ash falls throughout the Tertiary and Quaternary periods 
(Smedley et al., 2002). The most recent ash falls originated from the Puyehue volcanic 
eruptions (Chile: 2011) and the eruption of the Copahue volcano (Neuquén Province: 
2000) (Ibanez et al., 2008). A fine layer of white rhyolitic volcanic ash (0.05 -  2 cm in 
depth) has been reported within the upper part of the loess soil profile and is believed 
to be derived from the Quiza Pu eruption of 1932 (Smedley et al., 2002). Analysis of
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loess and rhyolitic ash from the region showed arsenic levels of 3 to 18 mg/kg Asy and 
7 to 12 mg/kg Asy, respectively (Smedley et al., 2005).
Regional groundwater flows from west to east with groundwater levels ranging from 
120 m below the surface in the west to 4 m below the surface in the east (Smedley et 
al., 2005). Rural communities rely upon groundwater wells. However, large towns, such 
as Eduardo Castex, have reverse osmosis treatment facilities to remove elements such 
as arsenic from the drinking water (Smedley et al., 2002).
Regional groundwaters have been found to contain from below 4 to 5300 pg/l As, with 
95 % of the ground water analysed containing levels over the WHO guideline drinking 
water limit of 10 pg/l Asy (Smedley et al., 2002). Arsenic spéciation analysis found 
arsenate (iAs^) to be the dominant species, due to the oxidising conditions in the 
aquifers (Smedley et al., 2002). However, in contrast, recent analysis in Eduardo 
Castex, found that arsenite (iAs'") comprised 93 % of the arsenic in urban well waters 
and 63 % of rural well waters (O’Reilly, 2010).
The area surrounding Eduardo Castex has been extensively researched as part of a 
study conducted by O’Reilly (2010). This study has provided additional data for 
groundwater sources around Eduardo Castex (section 3.3.1) and has continued the 
analysis of treated drinking water at the Eduardo Castex reverse osmosis plant (section 
3.3.2).
3.3.1 Groundwater wells
Due to the lack of available surface water Eduardo Castex relies heavily upon 
groundwater as a source of drinking water. As previously mentioned, groundwater 
sources around Eduardo Castex have been analysed as part of a study conducted by 
O’Reilly (2010) and the results from this study will be compared to those collected by 
O’Reilly (2010) in the following sections.
3.3.1.1 Sample locations
Samples were collected from groundwater wells over three sampling periods: January 
2011, July 2011 and April 2012. The differences in sampling time may cause variations 
in the water properties due to natural fluctuations in water levels within the aquifer. 
Annual or seasonal variation will be considered within each section. However, in 
general, the samples will be treated as one group. All sample location information, 
physicochemical parameters and arsenic levels are reported in the Appendix (Table 
B3).
In January 2011 samples were collected from three wells: the untreated well water at 
the reverse osmosis water treatment plant (EC 1 ), the Baglieri allotment well (EC 2) 
and the Fillipini farm well (EC 3 & 4). The two samples collected from the Fillipini farm
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well were taken approximately 2 hours apart as part of the electrocoagulation field 
study (section 6.3.1). Total elemental and arsenic spéciation samples were taken at all 
sites.
In July 2011 well water samples (EC 5 - 1 1 )  were provided by school students who 
were participating in the hair and nail study (section 4.1.3). No physicochemical 
parameter data is available for these samples. Each sample was filtered but unacidified 
prior to transport.
In April 2012 a single total elemental and arsenic spéciation sample was collected from 
the Fillipini farm well (EC 12) as part of the electrocoagulation field study (section 
6.3.1). In addition three further well water samples (EC 13 -  15) were provided by 
school students who were participating in the hair and nail study (section 4.1.3). No 
physicochemical parameter data is available for these samples. Each sample (EC 13 -  
15) was filtered but not acidified prior to transport.
Table 3.7: Physicochemical parameters for rural ground water samples collected 
around Eduardo Castex (La Pampa).
Code pH Eh (mV) C (pS/cm) TDS (mg/l)
EC 1 8.73 23 3453 1728
EC 2 8.48 43 1143 569
EC 3 9.24 -1 2416 1227
EC 4 8.38 18 2480 1238
EC 12 8.56 321 2686 1339
*Urban Wells (n = 40) 7.9 -  9.3 - 399 - > 3999 87 - > 2000
‘ Rural Wells (n = 28) 7.4 -  9.9 - 767 - > 3999 383 - > 2000
‘ Tap Water (n = 14) 7 .7 -8 .8 - 1446 - > 3999 118->2000
‘ Sample data from previous study In Eduardo Castex (O’Reilly, 2010; O’Reilly eta!., 2010) 
Eh = redox potential; 0  = conductivity; TDS = total dissolved solids
3.3.1.2 Physicochemical parameters
All water samples (n = 5) had a mildly alkaline pH (range: 8.38 -  9.24), high 
conductivity (range: 1143 -  3453 pS/cm) and high total dissolved solids (range: 569 -  
1728 mg/l). Neutral to alkaline pH, high conductivity and high total dissolved solids 
were also reported by O’Reilly (2010) and O’Reilly et al. (2010) for urban well (n = 40), 
rural well (n = 28) and tap water (n = 14) samples (Table 3.7). Similar results were 
found across the province of La Pampa: pH 7.0 to 8.7; conductivity 770 to 17500 
pS/cm; and, total dissolved solids 730 to 11500 mg/l (Smedley et al., 2002).
A large variation was observed for redox potential (range: -1 -  321 mV) with a 
significant increase in Eh in April 2012 (EC 12). The significant increase in Eh observed 
at the Fillipini well (Table 3.7) may have occurred due to variations in annual or 
seasonal rainfall. This can impact the ionic composition of the water system. An
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increase in the concentration of oxidising ions within the water system could cause an 
increase in the overall redox potential of the system, thus producing a more positive Eh 
measurement. Smedley et al. (2002) reported significant variability in the chemical 
composition of the groundwater depending upon well depth and location, leading to 
large variations in the physicochemical parameters. Redox potential was measured in 
groundwater from several sites (n = 102) across the La Pampa Province and ranged 
from 131 to 492 mV (Smedley et al., 2002).
3.3.1.3 Total arsenic and arsenic speclatlon
Groundwater samples collected in Eduardo Castex from all three sampling periods had 
a mean total arsenic level of 261 pg/l Asy and all samples had Asy levels above the 
WHO guideline limit for drinking water of 10 pg/l Asy (range: 24.9 - 946 pg/l Asy) (Table 
3.8). The highest total arsenic level (946 pg/l Asy) was detected in a sample provided 
by a student in July 2011 (EC 11). All samples collected from the Fillipini farm well also 
contained very high levels of total arsenic (517 -  777 pg/l Asy). O’Reilly (2010) found 
similar levels of total arsenic in all urban well, rural well and tap water samples, with 
levels ranging from 33.0 to 1128 pg/l Asy (Table 3.8).
T ab le  3.8: Total arsenic (Asy) and arsenic species for ground water samples in 
Eduardo Castex, La Pampa (2011 - 2012).
iAs'" IAs'' MA'' DMA''
Code ASy(Mg/l) Cone. 0/ 
(M9/I)
Cone.
(M9/I)
% Cone.
(M9/I)
% Cone.
(M9/I)
%
EC 1 86.3 64.6 83.5 1.5 1.9 10.4 13.4 0.9 1.2
EC 2 145 3.4 3.1 89.3 80.7 17.0 15.3 1.0 0.9
EC 3 517 144 36.0 231 57.6 23.3 5.8 2.4 0.6
EC 4 526 145 36.9 221 56.3 24.2 6.2 2.6 0.7
EC 12 776 288 39.9 395 54.7 35.9 5.0 3.3 0.5
‘ Urban Wells 
(n = 3)
3 9 -
290 3158 31.5 - 35.0 - 30.3 -
‘ Rural wells 
(n = 9)
3 3 -
1128 3466 3132 - 326.5 - 31.6 -
‘ Tap Water 
(n = 2) 40 - 747 3141 =13 - 35.7 - =0.04 -
‘ Sample data from previous study in Eduardo Castex (O’Reilly, 2010) ® mean concentrations; iAs'" = 
arsenite; iAs'' = arsenate; MA'' = monomethylarsonic acid; DMA'' = dimethylarsinic acid; Asy = total 
arsenic; Cone. = concentration; % = percentage fraction of species
Arsenic spéciation analysis revealed that arsenate (lAs^) was the dominant species in 
80 % of the samples (n = 5). This is in agreement with Smedley et al. (2002) who 
reported that lAs  ^was the dominant species in groundwater sampled across La Pampa 
due to the mainly oxidising conditions. In this study, arsenate (iAs^) comprised between 
1.9 and 80.7 % (mean: 50.2 %) of the arsenic species fraction, whereas arsenite (iAs'") 
comprised between 3.1 and 83.5 % (mean: 39.9 %). This suggests that the
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groundwater system is predominantly oxidising, promoting the oxidation of iAs'" to iAs .^ 
The redox values recorded suggest that in January 2011 the water system was only 
mildly oxidising (range; -1 -  43 mV). At the alkaline pH levels (mean: 8.68) and low Eh 
levels measured at these wells the species distribution becomes very sensitive to 
changes in Eh and pH (section 1.1.2). Therefore extreme changes in the distribution of 
arsenic species are observed between wells. The samples collected from urban wells 
(EC 1 and 2) have contrasting species distribution. In sample EC 1, IAs'" is the 
dominant species (83.5 %), whereas in sample EC 2 lAs  ^is the dominant species (80.7 
%). In contrast the samples collected from the rural well at the Fillipini farm (EC 3, 4 
and 12) contained 37.6 % iAs'" (percentage fraction range: 36.0 -  39.9 %) and 56.2 % 
iAs  ^(percentage fraction range: 54.7 -  57.6 %).
T ab le  3.9: Trace element levels in rural ground water samples from Eduardo Castex 
(La Pampa) and the respective recommended WHO guideline limits for drinking water 
(WHO, 2008).
Code Ast (pg/l) V([jg/I) Mn (pg/l) Fe (pg/l) Zn (pg/l) Se (pg/l) U (pg/l)
WHO Limit 10 na 400 na na 10 15
EC 1 86.3 231 4.8 6.5 < 0.2 5.7 25.0
EC 2 145 389 4.1 10.0 0.5 <0.7 20.6
EC 3 517 1319 4.6 <0.2 <0.2 3.0 70.6
EC 4 526 1326 4.3 2.5 <0.2 3.1 55.6
EC 5 88.6 156 23.5 7.6 28.1 8.2 < 0.001
EC 6 88.4 156 23.1 6.8 27.8 8.1 < 0.001
EC 7 85.7 152 24.7 7.3 28.5 8.0 < 0.001
EC 8 74.4 132 29.3 11.5 31.5 7.6 < 0.001
EC 9 89.0 155 23.4 14.9 28.1 8.1 < 0.001
EC 10 89.2 162 22.9 6.6 28.2 8.0 < 0.001
EC 11 946 501 23.7 65.7 31.9 6.8 < 0.001
EC 12 777 1571 <0.01 <0.2 <0.2 1.2 129
EC 13 177 586 <0.01 <0.2 0.7 <0.7 17.7
EC 14 24.9 110 <0.01 <0.2 2.0 11.4 41.9
EC 15 203 508 <0.01 < 0.2 <0.2 <0.7 49.3
na = no guideline limit provided by WHO (2008)
Data recorded by O’Reilly (2010) indicated that iAs'" was the dominant species present 
in most of the well water and tap water samples. However, variations in arsenic species 
were also observed within this study. The iAs'" levels ranged from 4.7 to 1332 pg/l 
(percentage fraction range: 7 - 9 7  %) and the iAs  ^ levels ranged from 0.09 to 592 pg/l 
(percentage fraction range: < 1 - 8 2  %). This highlights further, the significant changes 
in the reduction potential that can occur within the aquifer causing large variations in 
arsenic species distribution between different wells.
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3.3.2.4 Trace element levels
The majority of trace elements in ground water samples analysed as part of this study 
were measured at levels below the WHO guideline limit for that specific element in 
drinking water (Table 3.9). Uranium, however, was detected in many samples (53.3 %) 
at levels above the WHO guideline limit of 15 pg/l U. Uranium levels ranged from below 
0.001 to 129 pg/l U and the highest levels were recorded at the Fillipini Farm (EC 3, 4 
and 12). Vanadium levels in all water samples were also significantly higher than the 
notification level of 15 pg/l V proposed by the California Office of Environmental Health 
Hazard Assessment (Gerke et al., 2010), and levels ranged from 110 to 1571 pg/l V. 
The health impacts of vanadium and uranium are discussed further in section 3.2.4.
3.3.2 W ater treatm ent works
Due to the naturally high levels of arsenic in the ground water, Eduardo Castex, like 
many towns in Argentina, has a reverse osmosis water treatment plant for the removal 
of arsenic and other ions for drinking water purposes. The water treatment plant at 
Eduardo Castex is run by a cooperative and provides drinking water for the town. The 
water from the treatment works has been previously analysed (O'Reilly, 2010) and was 
re-analysed in January 2011 as part of this study. The following sections will outline the 
principle of reverse osmosis and the results obtained in this, and the previous study.
3.3.2.1 Principle of reverse osmosis
Reverse osmosis (RG) is a pressure-driven process where a semi-permeable 
membrane is used to separate dissolved constituents from water (AWWA, 2007). 
Pressure in excess of the natural osmotic pressure gradient of the system is applied to 
the feed water (Fig. 3.3). Water molecules diffuse through the semi-permeable 
membrane from the high concentration solution to the low concentration solution 
(Kucera, 2010). Dissolved constituents are rejected due to size exclusion, charge 
exclusion or physical-chemical interactions between the solute, solvent and membrane 
(Malaeb & Ayoub, 2011 ).
Reverse osmosis systems have been successfully implanted for the removal of arsenic 
from water. The removal of arsenate (lAs^) is typically higher than arsenite (iAs'") over 
a pH range 3 to 10 (Kang et al., 2000). Pilot tests with small-scale RG units were 
demonstrated to remove iAs  ^ to below 10 pg/l Asy (WHG guideline limit) from feed 
water up to 2400 pg/l lAs .^ Arsenite was successfully removed to levels below 10 pg/l 
IAs'" from feed water containing up to 350 pg/l IAs'". In a separate study, the efficiency 
of household RG devices installed in a town in rural Nevada, USA was investigated 
(Walker et al., 2008). These household devices are used to remove arsenic from water 
at concentrations up to 4000 pg/l Asy and an average removal of 80.2 % Asy was 
reported.
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Applied Pressure
Residual 
Waste Water
• • • •
• • • t HoO Drinking
Water
High Concentration Low Concentration 
Fig. 3.3: Schematic of reverse osmosis (adapted from Kucera, 2010).
3.3.2.2 Sample locations
The water treatment plant in Eduardo Castex utilises a multi-step process involving 
filtration, ultra-violet (UV) radiation treatment and reverse osmosis, to treat water 
obtained from a mixture of wells. The water was sampled at each treatment point 
(except filtration). At each sampling point the physicochemical parameters were 
measured (pH, temperature, conductivity, total dissolved solids and redox potential) 
and a filtered/acidified (F/A) sample was collected. An arsenic spéciation sample was 
taken from the raw untreated water (site EWT 1). In total nine water samples were 
collected as shown in Figure 3.4. Samples EWT 3 to 6 were taken from the outlet for 
each osmosis membrane. The membranes work independently and the water from 
each of the membranes are combined (EWT 7) before the addition of sodium 
carbonate, used to increase the pH which typically decreases during the reverse 
osmosis process. All sample location information, physicochemical parameters and 
arsenic levels are reported in the Appendix (Table B4).
3.3.2.3 Physicochemical parameters
The water from the Eduardo Castex water treatment plant had a neutral to mildly 
alkaline pH (range; 7.23 -  9.56). The water from the reverse osmosis membranes 
(EWT 3 - 6 )  had the lowest pH levels, ranging from pH 7.23 to 7.79 (Table 3.10). High 
conductivity and total dissolved solids were measured at sites EWT 1, 2 and 9 (range: 
3453 -  3568 pS/cm and 1728 -  1786 mg/l, respectively). As expected, due to the 
removal of dissolved solids during the reverse osmosis process, both conductivity and 
total dissolved solids reduced significantly in samples EWT 3 to 8, collected after the
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RO membranes (range: 73 -  250 pS/cm and 35 -  124 mg/l, respectively). These 
values are similar to those previously reported by O’Reilly (2010) (Table 3.10).
Redox potential (Eh) ranged from 2 to 155 mV across all sites. The highest Eh 
measurements were recorded directly after reverse osmosis treatment both in the 
treated water (range: 135 -  155 mV) and the residual waste water (121 mV). This is 
due to the forced change in the ionic composition of the water, thus altering the overall 
reduction potential of the water system.
Sand filter 
(removes solids) UV radiation
# 2
Reverse osmosis 
membranes
Raw source water 
(groundwater well)
Sodium carbonate 
addition8 0  Y
Tap (public 
access) V #  9 
Residual waste
water
Fig. 3.4: Schematic diagram representing the reverse osmosis water treatment plant at 
Eduardo Castex including sampling locations and numbers (EWT #).
3.3.24 Total arsenic and arsenic spéciation
Total arsenic in the untreated water and the UV-treated water (EWT 1 & 2) ranged from
81.6 to 86.3 pg/l Asj (Table 3.10). A higher level of total arsenic was previously 
reported by O’Reilly (2010) with levels ranging from 99 to 216 pg/l Asj. The main 
arsenic species in the untreated water is iAs'" (71.4 %), and a high percentage of the 
methylated arsenic species was also observed: monomethylarsonic acid (15 %) and 
dimethylarsinic acid (11.5 %).
After treatment by reverse osmosis (EWT 3 - 8 )  the total arsenic levels decreased 
significantly and ranged from below 0.2 to 0.6 pg/l Asy, below the WHO guideline limit 
for arsenic in drinking water (10 pg/l Asy). O’Reilly (2010) also reported low arsenic 
levels after the membrane treatment (range: 0.4 - 0.8 pg/l Asy). The residual waste 
water (EWT 9) removed from the reverse osmosis membranes contained 80.8 pg/l Asy. 
The waste water is cycled back into the well for retreatment.
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Table 3.10: Physicochemical parameters and total arsenic concentrations for sampling 
sites at the Eduardo Castex water treatment plant.
Code pH Eh (mV) C (pS/cm) TDS (mg/l) A st (pg/l)
EWT1 8.73 23 3453 1728 86.3
EWT 2 8.32 87 3568 1786 81.5
EWT 3 8.12 96 90 44 0.5
EWT 4 7.79 135 73 35 0.5
EWT 5 7.46 147 128 64 0.6
EWT 6 7.41 151 110 56 0.5
EWT 7 7.23 155 86 44 0.5
EWT 8 9.56 2 250 124 <0.2
EWT 9 8.05 121 3491 1742 80.8
*Untreated Water 
(n = 4)
7 .9 -
8.7 - 3120->3999 1136->2000 99-216
*Water after RO 
(n = 3)
7 .0 -
7.7 - 7 9 -8 5 3 9 -4 2 0 .-0 .6
*Drinking Water 
(n = 1) 8.6 - 197 99 0.8
*Waste Water 
(n = 2) 8.1 - > 3999 >2000 76-128
‘ Sample data from previous study in Eduardo Castex (O’Reilly, 2010; O’Reilly etal., 2010) 
Eh = redox potential; 0 = conductivity; TDS = total dissolved solids
3.3.2.5 Trace element levels
The majority of trace elements in the untreated well water (EWT 1), analysed as part of 
this study, were measured at levels below the WHO guideline limit for that specific 
element in drinking water (Table 3.11). Uranium, however, was detected at levels of 
25.0 pg/l U, which is above the provisional WHO guideline limit for drinking water of 15 
pg/l U (WHO, 2008). High levels of vanadium (231 pg/l V) were also detected in the 
untreated well water (EWT 1). The health impacts of vanadium and uranium are 
discussed further in section 3.2.4.
Table 3.11: Trace element levels before and after water treatment by reverse osmosis 
(Eduardo Castex) and the respective recommended WHO guideline limits for drinking 
water (WHO, 2008).
Code V(pg/i) Mn (pg/l) Fe (pg/l) Zn (pg/l) Se (pg/l) U (pg/l)
WHO Limit na 400 na na 10 15
EWT1 231 4.8 6.5 < 0.2 5.7 25.0
EWT 8 4.0 3.9 3.0 <0.2 <0.7 < 0.001
na = no guideline limit provided by WHO (2008)
The process of reverse osmosis has the capability of simultaneously removing several 
elements. A reduction in uranium (< 0.001 pg/l EWT 8 ) to a level below the WHO 
guideline limit for drinking water (15 pg/l U) was recorded. Significant reductions in
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vanadium (4 pg/l EWT 8 ) and selenium (5.7 pg/l EWT 1 to < 0.7 pg/l EWT 8 ) were also 
observed. Minimal changes in other elemental concentrations were recorded.
3.4 Neuquén Province: Copahue-Caviahue
The province of Neuquén lies on the western border of central Argentina. It is bordered 
to the north by the province of Mendoza, east and south by Rio Negro and to the west 
by Chile (Fig. 3.5). The province forms the main part of the Neuquén basin which 
originated in the Late Triassic. The subduction of the Nazca plate underneath the 
South American plate during the Jurassic to Early Cretaceous led to the formation of 
the Andes (Howell et al., 2005). The basin contains alternating strata of organic-rich 
mudstone and sandstone marking periods of marine conditions, followed by the 
accumulation of continental sediment and volcanic intrusions during the Cenozoic 
(Galland et al., 2007). The 4000 m basin stratigraphy records the tectonic evolution of 
the central Andes with one of the most complete Jurassic to Early Cretaceous marine 
fossil records. The basin also forms the most important hydrocarbon-production fields 
in southern South America (Howell et al., 2005).
MATERIAL REDACTED AT REQUEST OF UNIVERSITY
Fig. 3.5: Province of Neuquén: location of Copahue-Caviahue (adapted from IGM, 
2012).
Due to the basin formation Neuquén Province contains two distinct regions: mountains 
to the west and the Patagonian plateau to the east. The study region of Copahue- 
Caviahue is located in the north-west of the Neuquén province (Fig. 3.5). The main 
focus of the study is on the rio Agrio system originating from the Copahue volcano, one 
of four volcanos in the Neuquén Province.
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The Copahue volcano is an active stratovolcano (2997 m) along the Argentina-Chile 
border, in the province of Neuquén, Argentina. The most recent recorded eruption of 
the volcano occurred during July to October 2000. The eastern summit crater contains 
a briny, acidic (pH < 1) 300 m wide crater-lake (El Agrio or Del Agrio) which is formed 
from melt-water from the glacier just above the volcano (Fig 3.6a), as well as snow- 
melt water after the winter season. The crater-lake waters are CI-SO4 brines formed by 
the dissolution of magmatic SO2 and HCI gases (Varekamp et al., 2009). The addition 
of SO2 gas to water can cause a disproportionation reaction to occur (3 SO2 + 2 H2 O —> 
2 HSO4 " + 2H^ + S) generating acidity and solid sulphur. Subsequently the acid fluids 
will react with the surrounding rocks and can acquire trace elements (Varekamp et al., 
2009).
Fig. 3.6: (a) Copahue volcano crater-lake; (b) Rio Agrio near source on the Copahue 
volcano flanks; (c) Lago Copahue viewed from the volcano; (d) Salto del Agrio waterfall 
along the lower rio Agrio.
Acidic hot springs below the eastern outlet of the crater-lake (Fig 3.6b) feed the highly 
acidic (pH < 2) upper rio Agrio (LIRA: Sour River). The rio Agrio is a prominent river in 
the region and flows into lago (lake) Caviahue (pH 2.5), a horse-shoe shaped lake with 
an area of approximately 10 km  ^(Fig. 3.6c). The lower rio Agrio (LRA), which flows out 
from the north-eastern point of the lake, gradually neutralises due to the influx of 
tributary streams (Gammons et al., 2005), before flowing over the Salto del Agrio 
waterfall (Fig. 3.6d). The LRA merges with the rio Norquin before entering the town of
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Loncopue, approximately 60 km downstream. The river continues until it joins the major 
Neuquén river near the town of Quili Malal.
Five geothermal fields are recognised in this region. The Las Maquinas, Las 
Maquinitas, Copahue and Anfiteatro fields lie to the north-east of the volcano. The 
Chancho-co geothermal field lies to the north of the volcano in Chile and appears to be 
within close proximity of the volcanic hydrothermal system (Velez et al., 2011). The 
geothermal field at Copahue is used for human recreational and health purposes. The 
thermal spa town, located 7 km from the volcano, draws tourists to this region because 
of the believed healing properties of the pools, steam vents and mud pools. The 
thermal (ferruginous and sulphurous) waters are recommended for the treatment of 
skin diseases, sciatica, rheumatism, lumbago, general tiredness and for disorders 
associated with the nervous system. The treatment for some of the health disorders 
involves drinking thermal spring water high in iron or sulphur content. These waters are 
piped from naturally occurring springs on the volcano flanks.
Table 3.12: Literature values for trace element levels along the no Agrio (Neuquén 
Province) (^Gammons eta!., 2005; “^ Varekamp, 2008).
Trace Element Levels (pg/l) *(mg/l)
ciemeni
LIRA Source URA Lago Caviahue LRA
Arsenic 4,780^ 290 -  340* < dl -  640^
< d l-1 0 *  
< dl -  40^ < d l-1 0 *
Chromium - <d l-170^ < dl -  27^ -
Iron* 2,650* 191 -208* 23 -  350^
22.7-23.4*
16.7- 34 .7b
6.0-16.8* 
20 -  23b
Manganese* 79.8* 8.6-9.0* 1.8-12.2^
0.96 -  0.99* 
0 .7 -1 .lb 0.35 -  0.74*
Vanadium - < dl -  OOO*" 40 -  85b -
Zinc 7,730* 530 -  590* 91 -  846f
30*
5.6- 147b <dl
dl = detection limit; URA = upper rio Agrio; LRA = lower rio Agrio
The rio Agrio was extensively studied between 1997 and 2004 (Gammons at a/., 2005; 
Varekamp, 2008) and trace element data is available for several sites along the upper 
and lower rio Agrio as well as lago Caviahue (Table 3.12). Arsenic levels of 4780 pg/l 
Ast were observed at the rio Agrio source in 2003 (Gammons at a/., 2005). Significant 
annual fluctuations in arsenic levels were observed along the upper rio Agrio (LIRA) 
with levels ranging from below the detection limit (value not specified) to 640 pg/l Asj 
between 1999 and 2004. Low arsenic levels were consistently observed in the lake and 
along the lower rio Agrio, with levels not exceeding 40 pg/l Asy (Gammons at a/., 2005; 
Varekamp, 2008). Currently no arsenic spéciation data is available for any of the sites.
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A series of springs feed small streams and lakes in the local region. Two lakes on the 
north-eastern flank of the volcano (Lagunas las Mellizas) are used as the main drinking 
water source for the towns of Caviahue and Copahue.
The rio Agrio, both before and after it enters lago Caviahue, has been extensively 
sampled as part of this study and the results are discussed within the following sections 
(sections 3.4.4 -  3.4.6). Two further geothermal fields have been analysed within this 
study: Las Maquinitas (section 3.4.2) and Copahue (section 3.4.9). Furthermore, the 
drinking water sources for the towns of Copahue and Caviahue have been analysed 
(section 3.4.10).
3.4.1 Control sites
This section reports the analytical data for water samples collected from non-volcanic 
sites, selected as control sites. The samples were analysed for pH, redox potential 
(Eh), conductivity, total dissolved solids (Table 3.13), arsenic spéciation (Table 3.14) 
and elemental composition (Table 3.15).
3.4.1.1 Sample locations
Three control sites were selected for this study: a glacial melt-water tributary, the rio 
Dulce and the Lagunas las Mellizas. The glacial melt-water tributary (C 1) feeds into 
the upper rio Agrio between two of the cascades (URA 6  & 7), samples were collected 
from this site in January 2011 (Fig. 3.7). The rio Dulce (C 2a & b) also feeds into lago 
Caviahue. Its source comes from glacial melt-water streams on the flanks of the 
volcano. Samples were taken from just before the entry point of the rio Dulce to lago 
Caviahue (January 2011) and from 1 km upstream from the lake (January 2010) (Fig.
3.7). The final control site is at the Lagunas las Mellizas (C 3). The two freshwater 
lakes are located on the north-eastern flank of the volcano and provide drinking water 
for the towns of Caviahue and Copahue. Samples were taken from the lake furthest 
from the volcano in January 2011. All sample location information, physicochemical 
parameters and arsenic levels are reported in the Appendix (Table B5 & B6 ).
3.4.1.2 Physicochemical parameters
The control sites had mild-acidic to neutral pH levels (range: 5.53 -  7.42). The lowest 
pH was observed at site C 1 (pH 5.53). Low conductivity and total dissolved solids 
were also observed at this site (46 pS/cm and 22 mg/l, respectively). A large difference 
in conductivity and total dissolved solid measurements was observed between the two 
sites along the rio Dulce. However, as these sites were not taken in the same year it is 
unclear if the difference is due to sample position along the river or annual variation. 
Conductivity ranged from 33 to 327 pS/cm and total dissolved solids ranged from 22 to
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Fig. 3.7: Rio Agrio, geothermal and control site locations within the Copahue-Caviahue 
region, Neuquén (not to scale).
164 mg/l across all control sites. Redox potential (Eh) was measured in 2011 at sites 0  
1, 0  2a and 0  3 and ranged from 278 to 363 mV.
3.4.1.3 Total arsenic levels
Arsenic concentrations were below the level of detection (< 0.2 pg/l Asj) at all sites (no 
spéciation data available). This is in agreement with levels found by Gammons et al. 
(2005) for the rio Dulce (not detected -  no LCD value stated) and corresponds to the 
low total arsenic levels found in surface waters from other provinces of Argentina: rio 
Sali (range: < 5 - 9  pg/l Asy), Tucuman Province (Garcia et al., 2007); rio Negro 
(range: 0.84 -  13.7 pg/l Asy) and rio Colorado (range: 1 .15 -14 .2  pg/l Asy), Rio Negro 
Province (O’Reilly, 2010). Slightly higher total arsenic levels were observed in the rio 
Blanco (110.5 pg/l Asy), rio Colola (51.5 pg/l Asy), rio Huaco (59.5 pg/l Asy) and rio 
Jachal (107.4 pg/l Asy) in the San Juan Province (Hill, 2009). These values represent 
possible hydrogeochemical input from local quaternary alluvial and aeolian sediments 
(Lloret & Suvires, 2006) and contamination relating to gold mining in the region. 
Groundwaters can contain higher arsenic levels due to longer residence times 
compared to river systems. In Argentina high total arsenic levels have been reported in 
groundwater in the following provinces: La Pampa (range: < 4 -  5300 pg/l Asy) 
(Smedley et al., 2002), Cordoba (range: 6  -  11500 pg/l Asy) (Nicolli et al., 1989; 
Sbarato & Sanchez, 2001), Santiago del Estero (range: 2 -  14970 pg/l Asy)
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(Bhattacharya et al., 2006; Bundschuh et al., 2004) and Tucuman (range: < 5 - 1 1 0 0  
pg/l Ast) (Garcia et al., 2007; Warren ef al., 2005).
3.4.1.4 Trace element levels
In general the levels of other elements at the control sites were at relatively low 
concentrations (range: 22.2 -  279 pg/l Fe; 6.4 -  87.5 pg/l Mn; < 0.05 -  3.0 pg/l V; < 0.2 
-  40.3 pg/l Zn). Gammons et al. (2005) also found low levels of Fe (< detection), Mn 
(200 pg/l) and Zn (< detection) in the rio Dulce. The data is consistent with levels found 
in surface waters of other Argentinean provinces: Tucuman (range: < detection -  120 
pg/l Fe; < detection -  380 pg/l Mn) (Garcia et al., 2007); Rio Negro (range: < 7 - 1 2  
pg/l Fe; 0.4 -  472 pg/l Mn) (O’Reilly, 2010); and San Juan (range: < detection Fe/Mn;
3.1 -26 .1  pg/l Zn) (Hill, 2009).
Table 3.13: Physical parameters for sites along the rio Agrio, geothermal (G) and 
control sites (0) (2010 and 2011 ).
pH Eh (mV) C (pS/cm) TDS (mg/i)
Code
2010 2011 2011 2010 2011 2010 2011
RA Source (URA)
URA 1 - 2 0.82 1.08 419 >4000 > 4000 > 2000 >2000
Upper rio Agrio (URA)
URA 3 -11 Y s V
2.42-
4.56 465 - 480 >4000 > 4000 > 2000 >2000
Lago Caviahue (LC)
LOI - 4  2.48 2 .72-4.05 532 - 534 1138
1146-
1258 ^
569-
635
Lower rio Agrio (LRA)
2.86-
4.17 484 - 542
4 6 5 -
1004
530 -  234 -  
1093 503
2 6 7 -
547
LRA 4 8.46 25 - 204 102
Controi Sites (C)
0 1 - 3  6.38 5.53-7.42 278 - 363 33 46-327 16 22-164
Geothermai Sites (G)
G 1 2.05 2.54 453 1924 1548 953 768
G 2 6.04 - - 626 310 -
Eh = redox potential; C = conductivity; TDS = total dissolved solids
3.4.2 Geothermal springs
This section reports the analytical data for water samples collected from geothermal 
springs in the vicinity of the Copahue volcano (Fig. 3.7). The samples were analysed 
for pH, redox potential (Eh), conductivity, total dissolved solids (Table 3.13), arsenic 
spéciation (Table 3.14) and elemental composition (Table 3.15).
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3.4.2.1 Sample locations
Two geothermal springs, agua Limon and las Maquinitas, were selected for this study 
as a comparison with the geothermal waters at the source of the rio Agrio. Agua Limon 
is located near the spa town of Copahue (northeast of the Copahue volcano) and was 
sampled in January 2010 and 2011. Las Maquinitas is one of five recognised 
geothermal fields in the region (section 3.4) and consists of a series of geothermal 
fumaroles and boiling pools, this site was sampled in January 2010. All sample location 
information, physicochemical parameters and arsenic levels are reported in the 
Appendix (Table B5 & B6 ).
3.4.2.2 Physicochemical parameters
The agua Limon is an acidic spring (pH range: 2.05 -  2.54), whereas las Maquinitas 
has a neutral pH of 6.04 (Table 3.13). Approximately three times higher conductivity 
and total dissolved solids measurements were recorded at agua Limon in 2010 (1924 
pS/cm and 953 mg/l, respectively) compared to those recorded at las Maquinitas (626 
pS/cm and 310 mg/l, respectively). Redox potential was measured at agua Limon in 
2011 and was recorded as 453 mV.
3.4.2.3 Total arsenic levels
Low total arsenic levels (Asj) were detected in both the agua Limon (range: < 0.2 -  8.0 
pg/l Ast) and las Maquinitas (6.6 pg/l Asj) geothermal springs. Arsenic spéciation 
analysis was below detection. As the hot water is able to dissolve minerals over time, 
elevated levels of metals are often associated with hot springs (Koch et al., 1999). The 
dissolution of arsenic containing minerals, such as arsenopyrite and orpiment, would 
lead to elevated arsenic levels in the water. Therefore, the arsenic levels are 
dependent upon the rock type present at the spring location and will vary greatly. 
Stauffer et al. (1980) reported 1600 pg/l Asy in an alkaline high-CI spring in the 
Yellowstone National Park, USA, whereas Koch et al. (1999) recorded average levels 
of 280 pg/l Asy in the Meager Creek hot springs in Canada. Pope et al. (2004) recorded 
5400 pg/l Asy in the slightly acidic HCOs-rich geothermal Champagne pool at Waiotapu, 
New Zealand.
3.4.2.4 Trace element levels
Overall most of the other trace elements investigated in this study were below detection 
or at low pg/l levels (range: 94.8 -  294.0 pg/l Mn; < 0.05 -  10.9 pg/l V; < 0.2 -  25.5 pg/l 
Zn). Similarly low levels of these elements were observed in the geothermal 
Champagne pool at Waiotapu (55.8 pg/l Mn; 1.98 pg/l V; 1.58 pg/l Zn) (Pope et al., 
2004). In this study high iron levels were observed at both agua Limon (6375 - 19320 
pg/l Fe) and las Maquinitas (6820 pg/l Fe). In contrast, low iron levels have been
102
Chapter 3: Natural Arsenic Contamination of Water in Argentina
recorded in the alkaline high-CI spring in the Yellowstone National Park (<10  pg/l Fe) 
(Stauffer et al., 1980) and in the geothermal Champagne pool at Waiotapu (36.4 pg/l 
Fe) (Pope et al., 2004).
3.4.3 Copahue crater-fake and rio Agrio geotherm al source
This section reports the analytical data for water samples collected from the Copahue 
volcano crater-lake and the no Agrio geothermal source (El Vertedero spring). The 
samples were analysed for pH, redox potential (Eh), conductivity, total dissolved solids 
(Table 3.13), arsenic spéciation (Table 3.14) and elemental composition (Table 3.15).
3.4.3.1 Sample locations
A sample was taken from the Copahue crater-lake in January 2011. The local spa 
routinely collects water from the crater-lake for medicinal purposes. A sub-sample was 
taken from the water collected by the spa in January 2011. Physicochemical 
parameters were measured at this time; however, it needs to be taken into 
consideration that the values recorded are only an approximate measurement of the 
lake conditions as changes may have occurred following collection and transport down 
the mountain. A sample was collected from the el Vertedero spring on the flank of the 
volcano in January 2010. This spring forms the source of the rio Agrio. All sample 
location information, physicochemical parameters and arsenic levels are reported in the 
Appendix (Table B5 & B6 ).
3.4.3.2 Physicochemical parameters
Both the crater-lake and the geothermal spring (el Vertedero) were hyperacidic (pH
1.08 and 0.83, respectively). High conductivity and total dissolved solids 
measurements were also recorded at both sites (> 4,000 pS/cm and > 2000 mg/l, 
repsectively). Redox potential was only measured in 2011 and a value of 419 mV was 
recorded for the crater-lake (Table 3.13).
3.4.3.3 Total arsenic and other trace element levels
Total arsenic was detected at 1302 pg/l Asj in the Copahue crater-lake, which directly 
feeds the el Vertedero spring (3783 pg/l Asy), which is the source of the URA. In 
contrast, the Kawah Putih crater-lake in Indonesia contains 147 to 858 pg/l Asy but is 
found to make little or no contribution to the springs on the volcano flanks (Sriwana et 
al., 2000). Other trace element levels, namely, vanadium (317 pg/l V), iron (59.0 mg/l 
Fe), manganese (1434 pg/l Mn) and zinc (803 pg/l Zn) also have elevated levels in the 
crater-lake compared to those observed in the geothermal waters (G 1 & 2) (Table 
3.15). These results are in agreement with those reported for the Kawah Putih crater- 
lake in Indonesia during the dry season (range: 530 -  550 pg/l V; 39 -  48 mg/l Fe; 
1650 -  2480 pg/l Mn) (Sriwana et al., 2000).
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As the water from the Copahue crater-lake travels through the rocks to the el Vertedero 
spring the hot acidic waters can potentially dissolve trace elements from rock surfaces 
along the water flow channel (Koch et al., 1999). In March 2003, Gammons et al. 
(2005) recorded slightly higher total As levels (4780 pg/l) at the el Vertedero spring and 
found significantly higher levels of Fe (2650 mg/l), Mn (79.8 mg/l) and Zn (7730 pg/l) 
than those recorded in this study (3783 pg/l Asj; 519 mg/l Fe; 6.5 mg/l Mn; 291 pg/l 
Zn). However, Chiacchiarini et al. (2010) recorded similar levels at the spring to those 
found in this study (range: 454 -  834 mg/l Fe; 7.5 -  21.2 mg/l Mn). Temporal variations 
in elemental composition can occur due to fluctuations in volcanic input (Varekamp, 
2008), as well as variations in glacial meltwater input influenced by fluctuations in 
atmospheric temperature. Sriwana et al. (2000) found up to a 200 % difference in the 
elemental composition of the Kawah Putih crater-lake during May 1995 and 1997. A 
possible explanation was the variations in rainfall leading to greater dilution in 1997 
compared to 1995.
No arsenic spéciation sample was collected due to the low pH levels at both the crater- 
lake (pH: 1.08) and the El Vertedero spring (pH: 0.82)
3.4.4 Upper rio Agrio (URA)
This section reports the analytical data for water samples collected from the upper rio 
Agrio (URA) before it enters lago Caviahue (Fig. 3.7). The samples were analysed for 
pH, redox potential (Eh), conductivity, total dissolved solids (Table 3.13), arsenic 
spéciation (Table 3.14) and elemental composition (Table 3.15).
3.4.4.1 Sample locations
The URA travels down the volcano along its south-eastern flank before merging with 
several small glacial melt-water rivers and streams. As the river flows into the Caviahue 
caldera it goes over a series of cascades (Cascades del Agrio). In January 2010 water 
samples were taken from the bottom pool of each of the 7 cascades (Fig. 3.7: URA 3 -  
9). Additional water and arsenic spéciation samples were collected from each of these 
sites in January 2011. Further samples were collected from the road bridge (main road 
Loncopue to Caviahue) and from the river entrance to lago Caviahue (Fig. 3.7: URA 10 
& 11). All sample location information, physicochemical parameters and arsenic levels 
are reported in the Appendix (Table B5 & B6 ).
3.4.4.2 Physicochemical parameters
Samples collected from the URA cascades had a higher pH than the source. The river 
merges with several small glacial melt-water streams along the flanks of the volcano 
and may contribute to this increase. A pH increase was observed in surface waters 
collected from the URA from January 2010 (range: 1.77 -  1.95) to January 2011
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(range: 2.42 -  4.56). A slight increase was also observed at lago Caviahue, namely 
from pH 2.48 to pH 2.73 (LC 3) over the two sampling periods (Table 3.13). This pH 
increase is in agreement with that observed by Kading and Varekamp (2011), where a 
pH change from- 2  to 2.8 was observed over a few years (number not specified) up to 
2 0 1 1  due to decreasing hydrothermal inputs.
Daily variances in pH were also observed in the URA during this study. Fluctuations in 
pH were observed between samples collected in the morning and those collected in the 
afternoon (A pH 1.03 -  1.75). Such daily fluctuations in pH have been previously 
reported in geothermal systems and may be due to geochemical and microbial 
processes (Parker et al., 2008). Redox potential was measured in 2011 and ranged 
from 465 to 480 mV. Very little variation was observed along the URA cascades.
High conductivity and total dissolved solids measurements were recorded at all sites 
along the URA in both 2010 and 2011 (> 4,000 pS/cm and > 2000 mg/l). The high 
conductivity and total dissolved solid levels may be maintained along the URA, despite 
some dilution, due to the high amount of agitation created by the cascades which 
continually mixes with volcanic ash and rocks from the volcano flanks.
3.4.4.3 Total arsenic levels
As the river merges with glacial and snow melt-water tributaries on the flank of the 
volcano the arsenic levels are diluted leading to a significant decrease in arsenic 
detected at the cascades (URA 3 -11 ) .  Total arsenic levels along the URA ranged over 
278 to 359 pg/l Asy in January 2010 and 179 to 214 pg/l Asy in January 2011. This is in 
agreement with levels reported by Gammons et al. (2005) (range: 290 -  340 pg/l Asy).
3.4.4.4 Arsenic species distribution
Arsenic spéciation analysis found that arsenite (iAs'") is the main species along the 
URA (percentage fraction range: 78.9 -  81.8 %). The methylated arsenic species, 
monomethylarsonic acid (MMA^) and dimethylarsinic acid (DMA^), were also detected 
and together made up 15.5 to 16.7 % of the total species (Table 3.14). The methylated 
species may occur due to biotransformation of the inorganic species by 
microorganisms. Chiacchiarini et al. (2010) found moderately thermophilic Fe- and S- 
oxidising bacteria close to the source of the URA, as well as single-celled archaea 
along the URA cascades. Further investigation would be required to determine what 
role, if any, these microorganisms play in arsenic méthylation of this volcanic river 
system.
3.4.5 Lago Caviahue (LC)
This section reports the analytical data for water samples collected from lago (lake) 
Caviahue (Fig. 3.7). The samples were analysed for pH, redox potential (Eh),
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conductivity, total dissolved solids (Table 3.13), arsenic spéciation (Table 3.14) and 
elemental composition (Table 3.15).
Table 3.14: Arsenic spéciation data (total and species) for surface water samples 
collected along the rio Agrio in January 2011.
iAs' iAs'' MA'/ DMAV
code cone. 0/  Cone.
(Mg/l)
% Cone.
(Mg/l)
% Cone.
(Mg/l)
%
Upper rio Agrio (URA)
URA 3 - 179- 182- 
11 214 226
78.9 -  6.8 -  
81.8 10.5
2 .4 -
4.6
29 .8 -
35.7
12.6-
13.2
8 .4 -
9.3
2 .8 -
3.6
Lago Caviahue (LC)
24 .2 - 14.2- 
27.3 19.5
57.0-
61.4
3 .2 -
5.0
13.7-
15.1
0 .2 -
0.5
0 .7 -
1.6
Lower rio Agrio (LRA)
LRA 1 & 2 .6 -  2.1 -  
3 24.4 7.2
29.1 - 1 .9 - 
44.3 12.7
41.0-
51.4
0 .4 -
4.1
9 .4 -
16.4
0 .2 -
0.8
3 .2 -
5.2
iAs'" = arsenite: lAs^ = arsenate; MA^ = monomethylarsonic acid; DMA^ = 
total arsenic; Cone. = concentration; % = percentage fraction of species
: dimethylarsinic acid; Asy =
3.4.5.1 Sample locations
Samples were collected from four locations on the northern arm of Lago Caviahue (Fig.
3.7): 0.5 km south of the LIRA entrance (LC 1), at the entrance of the LIRA (LC 2), lake 
shore by Caviahue town (LC 3) and next to the entrance of the rio Dulce (LC 4). 
Samples were collected from LC 1 in January 2010 and 2011; the other LC sites were 
only sampled in January 2011. All sample location information, physicochemical 
parameters and arsenic levels are reported in the Appendix (Table B5 & B6 ).
3.4.5.2 Physicochemical parameters
The pH of the lake was acidic and ranged from 2.48 to 4.05. Conductivity and total 
dissolved solids measurements decreased, in comparison to the LIRA, and ranged 
from 1138 to 1258 pS/cm and 569 to 635 mg/l, respectively. The reduction may be due 
to the precipitation of elements, such as iron, on the base of the lake (Kading and 
Varekamp, 2011). Redox potential, measured in January 2011, ranged from 532 to 534 
mV displaying a slight increase compared to along the LIRA (range: 4 6 5 - 4 8 0  mV).
3.4.5.3 Total arsenic levels
Dilution occurs in the lake (range: 19.1 -  61.4 pg/l Asy) as the rio Agrio mixes with 
small tributaries and the rio Dulce (< 0.2 pg/l Asy). Similarly low levels were observed 
by Gammons et al. (2005) (range: < detection - 10 pg/l Asy) and Varekamp (2008) 
(range: < detection -  40 pg/l Asy). A decrease in other trace elements is also observed 
at the lake suggesting an overall dilution of the river water. However, Kading and 
Varekamp (2009) suggested that dilution is not the only factor contributing to the
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decrease in As levels at the lake. Schwertmannite, a ferric-sulphate mineral, forms in 
the lake and has been detected in the lake bed. During the formation of this mineral, 
arsenic can be incorporated into the mineral structure and can also adsorb onto the 
material surface. As the mineral accumulates on the lake bottom it creates an arsenic 
‘sink’. The rising pH observed in the lake over several years (Kading and Varekamp, 
2011) is believed to be a driver for Schwertmannite formation and volcanic re­
acidification of the lake would cause dissolution of the iron mineral, thus releasing 
arsenic downstream (Kading and Varekamp, 2011).
Table 3.15: Total arsenic (Asy), iron and vanadium concentrations in surface water 
samples collected along the rio Agrio and from geothermal springs in January 2010 
and 2 0 1 1 .
Asy (pg/l) Fe (mg/l) V (pg/l)
Code ---------------------------------------------------------------------------------------------------------------------------
2010 2011 2010 2011 2010 2011
RA Source (URA)
URA1 -2_______ 3783_______ 1302________519________ 59^8_______ 1184________317
Upper rio Agrio (URA)
URA 3-11 278-359 179-214 45.7-57.9 11.5-12.0 106-149 49.8-52.6
Lago Caviahue (LC)
L C 1 - 4  _______61.4 19.1 -30.0 21.5 8 .6 -9 .6  <0.05 20.4-24.4
Lower rio Agrio (LRA)
LRA 1 -3  8.3-28.8 1.9-28.8 8.0-18.9 4 .0 -9 .3  <0.05 6.7-22.0
LRA 4___________ -_________ <_02_________-_________ 001_________ -__________ 3.7
Control Sites (C)
0 1 - 3 _________ <0.2 < 0.2_______ 0.05 0.01 -0 .28 <0.05 2 .3 -3 .0
Geothermal Sites (G)
G 1 8.0 <0.2 19.3 6.4 <0.05 10.9
G 2 6.6 - 6.8 - < 0.05
3.4.5.4 Arsenic species distribution
There is a shift in arsenic spéciation at lago Caviahue with a significant decrease in 
iAs'" concentrations (-A 202.4 pg/l IAs'") and a slight increase in iAs  ^ concentrations 
(+A 9.74 pg/l lAs )^. Studies have shown that iron-based minerals preferentially adsorb 
lAs^(Banegee eta!., 2008; Meng eta!., 2002) and under acidic conditions iAs'" remains 
an uncharged species further reducing adsorption potential. Oxidation of iAs'" to iAs  ^
may take place in the lake, altering the spéciation pattern and also increasing the 
likelihood of As adsorption onto Schwertmannite at acidic pH levels. Arsenite oxidation 
has previously been reported as an important mechanism for As adsorption in 
laboratory-based experiments and has been shown to occur at the surface of the 
minerals (Sun et a!., 2006). The same could occur within the lake.
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3.4.6 Lower no  Agrio (LRA)
This section reports the analytical data for water samples collected from the lower rio 
Agrio after it has left lago Caviahue (Fig. 3.7). The samples were analysed for pH, 
redox potential (Eh), conductivity, total dissolved solids (Table 3.13), arsenic spéciation 
(Table 3.14) and elemental composition (Table 3.15).
3.4.6.1 Sample locations
Samples were collected from four locations along the lower rio Agrio (LRA): top of the 
cascade by the road bridge (LRA 1), 140 m upstream of Salto del Agrio (LRA 2), top of 
Salto del Agrio (LRA 3) and at Loncopue (LRA 4). Samples were collected from LRA 1 
to 3 in January 2010 and 2011 and sample LRA 4 was collected in January 2011. All 
sample location information, physicochemical parameters and arsenic levels are 
reported in the Appendix (Table B5 & B6 ).
3.4.6.2 Physicochemical parameters
The pH remained acidic along the LRA (range: 2.57 -  4.17) until Loncopue (LRA 4) 
where the pH increases to 8.46 following input from the rio Norquin. Conductivity and 
total dissolved solid (TDS) content ranges from 465 to 1093 pS/cm and 234 to 547 
mg/l, respectively at sites LRA 1 to 3. A further decrease in conductivity and TDS is 
observed at Loncopue (204 pS/cm and 102 mg/l, respectively). Redox potential does 
not change much along the LRA (range: 484 -  542 mV) and is similar to the levels in 
the LIRA and LC. However, at Loncopue the redox potential drops significantly to 25 
mV.
3.4.6.3 Total arsenic levels
Total arsenic levels decreased significantly along the LRA with concentrations reaching
2.6 to 8.3 pg/l Asy at Salto del Agrio. Both dilution and adsorption onto Fe-based 
minerals will have played a significant role in As reduction. A significant decrease (> 50 
%) in iron content was observed between these two sites (Table 3.15). This is most 
likely due to the precipitation of hydrous ferric oxide (HFO), potentially in response to 
an increase in pH (Gammons et ai., 2005). The HFO and other ferric precipitates 
(potentially including Schwertmannite) stain the river bed orange/red, which is 
particularly visible at Salto del Agrio (LRA 3).
Further downstream the rio Agrio merges with the rio Norquin where Asy values were 
found to be below detection (Gammons et ai., 2005). The river continues through the 
town of Loncopue and at this point the pH has reached 8.46 and total arsenic levels are 
below 0.2 pg/l. Some of the river boulders at Loncopue are partly coated with a red 
precipitate indicating that acidic water can reach this far during periods of high 
discharge from lago Caviahue (Varekamp et ai., 2009).
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3.4.6.4 Arsenic species distribution
A slight decrease in both arsenite (iAs'") and arsenate (iAs^) was observed in the LRA 
before the lake merges with the rio Trolope (-A 0.72 and -  A 5.2 pg/l iAs, respectively). 
A larger decrease in both iAs'" and iAs  ^was recorded at Salto del Agrio (-A 5 .land -A 
10.8 pg/l iAs, respectively). The methylated arsenic species MA^ and DMA^ were 
present in the all samples along the rio Agrio with a gradual decrease in concentration 
from URA 3 to LRA 3. Levels below 1 pg/l were found at Salto del Agrio. All spéciation 
samples at Loncopue (LRA 4) were below the instrumental detection limits.
3.4.7 Trace elem ent levels along the no  Agrio
Many of the trace elements monitored along the rio Agrio are at low levels. Those that 
are detected follow a similar pattern to arsenic with a decrease in concentration 
observed (Fe, Mn, V and Zn) over the URA cascades, compared to the URA source 
waters. Lower levels (excluding Zn) were recorded in 2011 compared to 2010. The 
water flow over the cascades does not appear to influence the levels of trace elements 
in the water (as with arsenic). Temporal variation in the chemical composition of the 
river can make trace element comparisons between studies difficult. However, the 
values recorded in this study in 2010 and 2011 (Table 3.15) typically fall within the 
range observed by Varekamp (2008) during the period 1999 to 2004 (Table 3.12). As 
with arsenic, further dilution occurs at lago Caviahue with an approximate 50 % 
decrease in elemental levels. Trace element correlations with arsenic will be discussed 
in section 3.5.
3.4.8 Factors Influencing arsenic speclatlon along the rio Agrio
Arsenic spéciation in an aqueous environment is highly dependent upon the 
physicochemical conditions, particularly redox potential (Eh) and pH. A positive 
correlation (rp = 0.970, p < 0.01) between the iAs /^iAs'" ratio and Eh was observed 
along the whole rio Agrio system. Arsenate is known to dominate in oxidising 
conditions (Mohan and Pittmann, 2007). In this study arsenate dominates in most 
samples with a redox potential greater than 500 mV; that is those samples from lago 
Caviahue or the LRA. As expected, the pH of the system does not influence the 
lAs /^iAs'" ratio; however it can be used to predict the charge of the species present. 
The acidic pH levels recorded along the river system would suggest that the uncharged 
H3ASO3 species is predominant along the URA, and that H2ASO4 ' is the main species in 
lago Caviahue and along the LRA.
Although pH does not influence the iAs /^iAs'" ratio directly, it can have an impact on the 
formation of iron precipitates (e.g. Schwertmannite). This could influence the species 
distribution by enhancing oxidation of iAs'" to iAs  ^as part of an adsorption mechanism.
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As the pH increases at lago Caviahue a precipitate forms on the bottom of the 
lake/river and is very prominent further downstream at Salto del Agrio (LRA 3). Overall 
there is no significant correlation between iron and the iAs /^iAs'" ratio. However, 
samples collected from the lake and the LRA do show a statistically significant positive 
correlation (rp = 0.843, p < 0.05) between iron and the iAs /^iAs'" ratio. This suggests 
that the formation of iron precipitates may influence the arsenic species distribution. In 
addition, manganese also showed a statistically significant correlation (rp = 0.865, p < 
0.05) with the iAs /^iAs'" ratio. Manganese minerals, like iron, can adsorb arsenic onto 
their surface (Chakravarty et al., 2002). Manganese may precipitate on the lake bed, or 
may form co-precipitates with iron creating an additional adsorption pathway for arsenic 
and its species.
Vanadium, which has previously been shown to have elevated levels in volcanic ash 
from the Copahue volcano (Gomez et a!., 2002), shows strong correlations with the 
arsenic species. In similarity with iron and manganese, no correlation is observed along 
the URA, however a significant correlation is observed from lago Caviahue along the 
LRA to Salto del Agrio (rp = 0.849, p < 0.05). This may indicate a similar adsorption 
pattern onto the iron precipitates as described by Kading and Varekamp (2011). Re­
acidification of the lake would, therefore, not only release high levels of arsenic 
downstream but could also potentially release high levels of vanadium.
3.4.9 Copahue thermal spa
This section reports the analytical data for water samples collected from the Copahue 
thermal spa (Fig. 3.8). The samples were analysed for pH, redox potential (Eh), 
conductivity, total dissolved solids (Table 3.16), arsenic spéciation (Table 3.17) and 
elemental composition (Table 3.18).
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Fig. 3.8: Sample locations at the Copahue thermal spa (not to scale), April 2012.
110
Chapter 3: Natural Arsenic Contamination of Water in Argentina
3.4.9.1 Sample locations
Samples were collected from 8 locations at the Copahue thermal spa (Fig. 3.8). Three 
were from thermal pools: Laguna del Chancho (CP 1), Laguna de los Calles (CP 2) 
and Laguna Verde (CP 3). The remaining 5 sites are springs used for drinking (based 
on medical referral): iron spring (CP 4), sulphur spring (CP 5), mate spring (CP 6), 
unnamed drinking water spring (CP 7) and the Copahue spring (CP 8). All sites were 
sampled in April 2012; further samples were collected from sites CP 4 to 6 in April 
2011.
Table 3.16: Physical parameters for samples collected from the Copahue thermal spa 
(April 2011 and April 2012).
Code Description Date pH Eh (mV) C (pS/cm) TDS (mg/l)
CP 1 Laguna del Chancho April 12 2.42 384 2254 1128
CP 2 Laguna de los Calles April 12 5.98 -3 670 334
CP 3 Laguna Verde April 12 2.41 436 1613 810
CP 4 Iron Spring
April 11 
April 12
6.82
6.09
-47
-67
955
945
485
474
CP 5 Sulphur Spring
April 11 
April 12
7.58
6.78
-90
-58
713
778
359
387
CP 6 Mate Spring
April 11 
April 12
6.55
5.85
-46
-87
645
650
333
325
CP 7 Unnamed Drinking Water Spring April 12 5.55 117 205 102
CP 8 Copahue Spring April 12 5.91 -1 532 274
Eh = redox potential; C = conductivity; TDS = total dissolved solids
3.4.9.2 Physicochemical parameters
The drinking water springs (CP 4 - 8 )  were only mildly acidic and a slight decrease in 
pH was observed between April 2011 and April 2012 (-A 0.74 ± 0.05). Reducing 
conditions were present in all drinking water springs (Eh -90 to -1 mV), except the 
unnamed drinking water spring (CP 7) which had an Eh of 117 mV. The Laguna de los 
Calles had similar physical properties to the drinking water springs (Table 3.16). 
However, the additional two bathing pools: Laguna del Chancho (CP 1) and Laguna 
Verde (CP 3), were acidic in nature (pH range: 2.41 -  2.42) with oxidising conditions 
(Eh range: 384 -  436 mV). These pools (CP 1 & 3) also displayed the highest 
conductivity (range: 1613 -  2254 pS/cm) and total dissolved solid levels (range: 810 -  
1128 mg/l). The remaining sites had lower conductivity (range: 205 -  955 pS/cm) and 
total dissolved solids levels (range: 1 0 2 -4 8 5  mg/l).
3.4.9.3 Total arsenic and arsenic spéciation
Low levels of total arsenic (Asy) were observed at all the sample locations at the 
Copahue spa (range: < 0 . 2 - 1 . 5 7  pg/l Asy). This data is similar to that recorded for the
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geothermal springs at the agua Limon and las Maquinitas (section 3.4.2), and indicates 
that these springs/pools are sourced from a different geothermal spring to the Copahue 
volcano, as previously reported (Velez et al., 2011). Arsenic spéciation data is only 
available for April 2012 as levels were below detection in April 2011 (Table 3.17). 
Arsenite (iAs'") is the predominant arsenic species (percentage fraction range: 60.3 -
72.3 %). Small fractions of iAs  ^and the methylated species, MA^ and DMA^ were also 
present but in much smaller fractions (percentage fraction range: 8.2 -  17.4 %).
Table 3.17: Total arsenic and arsenic spéciation data for the Copahue thermal spa 
sampling sites (April 2011 and April 2012).
Code Asy (pg/l)
iAs'" IAs'' MA'' DMA'/
Cone.
(Mg/i)
% Cone.
(Mg/l)
% Cone.
(Mg/l)
% Cone.
(Mg/l)
%
CP 1 1.42 1.28 67.7 0.18 9.8 0.20 10.5 0.23 12.0
CP 2 1.18 1.13 67.5 0.20 12.0 0.19 11.5 0.15 9.0
CP 3 1.57 1.13 60.3 0.20 10.8 0.21 11.5 0.33 17.4
CP 4 < 0 .2 -1 .1 8 1.10 65.2 0.25 14.6 0.19 11.3 0.15 8.8
CP 5 < 0 .2  -1.24 1.13 63.9 0.30 16.7 0.20 11.2 0.14 8.2
CP 6 < 0 .2 -1 .2 2 1.11 64.7 0.25 14.3 0.21 12.2 0.15 8.8
CP 7 1.49 1.43 72.3 0.20 10.3 0.18 9.2 0.16 8.2
CP 8 1.04 1.02 65.1 0.22 13.7 0.18 11.3 0.16 9.9
iAs'" = arsenite; iAs'' = arsenate; MA'' = monomethylarsonic acid; DMA'' = dimethylarsinic acid; Asy = 
total arsenic; Cone. = concentration; % = percentage fraction of species
Table 3.18: Trace element levels in water samples from the Copahue spa and the 
respective recommended WHO guideline limits for drinking water (WHO, 2008).
Code v(Mg/i) Mn (pg/l) Fe (mg/l) Zn (pg/l) Se (pg/l) U (pg/l)
WHO Limit na 400 na na 10 15
CP 1 21.5 236.2 5.76 43.4 <0 .7 < 0.001
CP 2 < 0.002 304.8 0.24 0.28 < 0 .7 < 0.001
CP 3 5.0 266.6 2.98 17.4 < 0 .7 < 0.001
CP 4 < 0.002 163.4 1.66 < 0 .2 < 0 .7 < 0.001
CP 5 < 0.002 75.8 0.017 0.34 < 0 .7 < 0.001
CP 6 < 0.002 610.1 6.5 0.85 <0 .7 < 0.001
CP 7 < 0.002 213.9 1.70 1.01 < 0 .7 < 0.001
CP 8 < 0.002 1137.6 7.86 1.23 < 0 .7 < 0.001
na = no guideline limit provided by WHO
3.4.9.4 Trace element levels
Low levels of all monitored trace elements were observed in the Copahue sample sites, 
and most levels were below the WHO drinking water guideline values, where available 
(Table 3.18). Two drinking water sites (CP 6 and 8) exceeded the 400 pg/l WHO  
guideline drinking water limit for manganese (610 and 1138 pg/l Mn, respectively). The 
WHO has not set a guideline limit for vanadium, however, due to its potential health
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risk through ingestion the California Office of Environmental Health Hazard 
Assessment has proposed a notification level of 15 pg/l V for drinking water (Gerke et 
al., 2010). Most sites have extremely low levels of vanadium (< 0.002 pg/l V), except 
site CP 1 which exceeds the 15 pg/l notification level, however, this site is used for 
bathing rather than drinking water purposes.
3.4.10 Copahue-Caviahue drinking water
In addition to the water samples collected along the rio Agrio and at the Copahue spa, 
three tap water samples were taken from two houses in the town of Caviahue (Table 
3.19). The drinking water for the town is sourced from the Lagunas las Mellizas (C 3), 
which has a low arsenic level (< 0.2 pg/l Asy). The tap water samples were collected in 
April 2012 and had a pH range of 5.53 to 5.86. The arsenic levels ranged from 0.92 to 
0.98 pg/l Asy, significantly lower than the limit for drinking water (10 pg/l Asy) set by the 
WHO. No arsenic spéciation analysis was conducted on the tap water samples.
Table 3.19: Physical parameters and arsenic levels for samples collected from drinking 
water taps in two houses in Caviahue in April 2012.
Code Description Asy (pg/i) pH Eh (mV) 0  (pS/cm) TDS (mg/i)
CV1 Kitchen tap -  Monasterio house 0.98 5.53 626 411 205
CV2 Bathroom tap -  Monasterio house 0.94 5.69 704 413 207
ova Kitchen house -  holiday cabin 0.92 5.86 629 405 202
Eh = redox potential; 0 = conductivity; TDS = total dissolved solids
3.5 Trace Element Correlations with Arsenic
Vanadium and uranium displayed strong positive correlations (Pearson) with arsenic in 
water across all four locations (probability, p < 0.01). Strong positive correlations with 
arsenic were also observed in water samples from Eduardo Castex, Los Menucos and 
General Roca (Table 3.20). Positive correlations between arsenic and vanadium have 
also been reported in water samples from several other provinces of Argentina, 
including La Pampa (Smedley et al., 2002), Santiago del Estero (Bundschuh et al., 
2004; Bhattacharya et al., 2006), Buenos Aires (Blanco et al., 2012) and Tucuman 
(Nicolli et al., 2012^ )^. It has been suggested that the strong correlation observed 
between arsenic and vanadium in several locations across Argentina is due to their 
common origin in volcanic ash and in similar mineral sources (e.g. Fe/Mn oxides) 
(Smedley et al., 2002 & 2005; Bhattacharya et al., 2006). Furthermore, positive 
correlations have been reported between arsenic and uranium (Smedley et al., 2002; 
Bundschuh et al., 2004; Nicolli et al., 2012" )^. Uranium has also been associated with 
iron (hydr)oxides and volcanic glass (Longmire et al., 2006; Brown & Zielinski, 2010)
113
Chapter 3: Natural Arsenic Contamination of Water in Argentina
and, like vanadium, the positive correlation with arsenic could occur due to a common 
origin. A significant positive correlation has been previously reported between arsenic 
and selenium (Nicolli et al., 2012^ )^. However, in this study no correlation was found 
between arsenic and selenium across all locations (rp = 0.002, p = 0.980). Furthermore, 
correlations varied between locations. A significant positive correlation was found 
between arsenic and selenium in General Roca (p < 0.01), whereasih Eduardo Castex 
a negative correlation was found (rp = - 0.370, p = 0.143).
Table 3.20: Statistical correlations (Pearson) between arsenic and vanadium/uranium, 
in water samples from all locations, as well as individual locations: Eduardo Castex 
(EC), General Roca (GR), and Los Menucos (LM). A/s. No water correlations have been 
calculated for Copahue-Caviahue due to the low levels of trace elements In the sampled drinking water.
Location
V U
rp P rp P
All 48 0.824 <0.01 0.642 <0.01
EC 17 0.753 < 0.01 0.509 <0.05
GR 16 0.808 <0.01 0.715 <0.01
LM 11 0.896 < 0.01 0.582 0.060
n = number of samples in group; rp = 
level.
Pearson correlation coefficient; p = probability
The volcanic rio Agrio system was also analysed as part of this study (section 3.4.3 -
3.4.6) and a statistically significant correlation (rp = 0.984, p < 0.01) between total 
arsenic and vanadium levels was found along the whole rio Agrio system (Table 3.21). 
Along the rio Agrio both arsenic and vanadium also have statistically significant 
correlations with iron levels (p < 0.01). Various factors may explain the statistical 
relationship, such as the hydrogeochemical composition of the crater. The magma from 
the 2000 eruption of the Copahue volcano was basaltic andésite (Varekamp et al., 
2004) and the rocks of the Copahue volcano are predominantly mafic andésites 
(Varekamp et al., 2006). Studies have shown that basalt rocks can contain 0.18 to 113 
mg/kg Asy and andésites can contain 0.5 to 5.8 mg/kg Asy (Mandai and Suzuki, 2002).
Table 3.21: Statistical correlations (Pearson) between arsenic, vanadium and iron in 
water samples (n = 45) from along the rio Agrio (Copahue-Caviahue, Neuquén).
As V Fe
ciemeni
rp P rp P rp P
As - 0.984 <0.01 0.994 <0.01
V 0.984 <0.01 - 0.991 <0.01
Fe 0.994 < 0.01 0.991 <0.01 - -
n = number of samples in group; rp = Pearson correlation coefficient; p = probability level.
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The high iron content of these rocks could lead to the incorporation of arsenic into the 
minerals during formation. Furthermore, a preliminary study on the ash from the 
eruption in 2000 reported enriched As, Cd, Cu and Sb levels in the ash, as well as 
significantly higher levels of V compared to ash from the Hudson volcanic eruption in 
1991 (Gomez et al., 2002). This data is in agreement with that reported by 
Bhattacharya et al. (2006) and supports the theory that volcanic ash is a principle 
source of arsenic in Argentina.
3.6 Summary
This study has evaluated the levels of arsenic and its species in water from four 
regions of Argentina: General Roca (Rio Negro), Los Menucos (Rio Negro), Eduardo 
Castex (La Pampa) and Copahue-Caviahue (Neuquén). The purpose of the study was 
to determine the arsenic exposure levels in each of the four regions prior to the 
analysis of biological sample media (hair, fingernail and toenail samples). Furthermore, 
the region of Copahue-Caviahue was extensively sampled to evaluate the levels of 
arsenic and the distribution of arsenic species in a water system originating from a 
volcanic crater-lake. Volcanic ash and glass is believed to be one of the main sources 
of arsenic in Argentina (Bhattacharya et al., 2006). Therefore, this study allows the 
evaluation of arsenic and the behaviour of its species at one of the potential origins of 
arsenic in Argentina.
In agreement with a previous study (O’Reilly, 2010), low levels of arsenic were found in 
ground (range: 2.0 -  7.6 pg/l Asy), surface (range: < 0.2 -  5.7 pg/l Asy) and tap (range:
2.4 -  2.5 pg/l Asy) water samples from the control region of General Roca (Rio Negro). 
In contrast, elevated levels of arsenic (range: 9.3 -  35.8 pg/l Asy) were found in ground 
and tap water samples from the town of Los Menucos (Rio Negro) and 77.8 % of 
samples contained arsenic levels above the guideline limit for drinking water of 10 pg/l 
Asy set by the World Health Organisation (WHO, 2008). The highest level of arsenic 
exposure was found in Eduardo Castex (La Pampa). The arsenic levels in groundwater 
samples from the town ranged from 24.9 to 946 pg/l Asy, in agreement with levels 
previously reported by O’Reilly (2010) (range: 33.0 -  1128 pg/l Asy). The lowest level 
of arsenic exposure via drinking water was found in Copahue-Caviahue (Neuquén) and 
arsenic levels (range: < 0.2 -  0.98 pg/l Asy) remained significantly below the WHO 
guideline drinking water limit (10 pg/l Asy) (WHO, 2008). Furthermore, low arsenic 
levels were found in all samples from the Copahue spa (range: < 0.2 -  1.6 pg/l Asy). 
However, high arsenic levels were recorded along the rio Agrio: geothermal source 
(range: 1302 -  3783 pg/l Asy); upper rio Agrio (range: 179 -  359 pg/l Asy); lago 
Caviahue (range: 19.1 -  61.4 pg/l Asy); and lower rio Agrio (range: < 0.2 -  8.3 pg/l
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A st). These levels are in agreement with previous published reports (Gammons et al., 
2005; Varekamp, 2008).
In General Roca the arsenic species were distributed fairly evenly but slightly favoured 
arsenate (iAs^) in most samples (percentage fraction range: 25.7 -  46.5 % iAs^). This 
is in agreement with previous findings reported by O'Reilly (2010). Arsenate (lAs^) was 
also the dominant arsenic species (percentage fraction range: 3.1 -  83.5 % iAs^) in 80 
% of samples from Eduardo Castex. This is in agreement with Smedley et al. (2002) 
who reported that iAs  ^was the dominant species in the majority of samples collected 
across the province of La Pampa due to the oxidising conditions in the aquifer. In 
contrast, O’Reilly (2010) who used the same in-field arsenic species separation 
technique to that used in this study found that arsenite (iAs'") was the dominant species 
in most of the water samples collected. These variations highlight the complexity of 
arsenic spéciation within a ground water system. Furthermore, in Los Menucos a slight 
negative correlation occurred between redox potential and the lAs^/iAs'" ratio. This 
contradicts the theory that iAs  ^ should become increasingly dominant in aquifers with 
oxidising conditions. Arsenate (iAs^) was the dominant species in most of the rural 
wells in Los Menucos (percentage fraction range: 53.0 -  72.7 % iAs^), whereas 
arsenite (iAs'") was dominant in a single rural well (percentage fraction: 65.3 % iAs'") 
and both urban well water samples (percentage fraction range: 66.0 -  71.1 % iAs'"). 
This further highlights the complexity of arsenic spéciation and indicates that the 
distribution of arsenic species cannot be predicted based purely upon the redox 
characteristics of a ground water system.
Arsenic spéciation has not previously been reported for the rio Agrio system and 
limited information on arsenic spéciation has been reported for volcanic water systems 
globally. The distribution of arsenic species varied significantly along the rio Agrio 
water system. Arsenite dominated along the upper rio Agrio (percentage fraction range:
78.9 -  81.8 % iAs'"), whereas after the river joined lago Caviahue arsenate (iAs^) 
became the dominant species in most of the water samples downstream (percentage 
fraction range: 41.0 -  61.4 % iAs^). A positive correlation (Pearson) was found 
between redox potential and the lAs /^iAs'" ratio, and iAs  ^ dominated in all water 
samples with a redox potential greater than 500 mV. Although the arsenic species were 
not directly correlated with pH, the increase in pH at lago Caviahue allows the 
formation of iron precipitates (e.g. Schwertmannite). During the formation of this 
mineral, arsenic can be incorporated into the mineral structure and can also adsorb 
onto the material surface (Kading & Varekamp, 2011). This could influence the species 
distribution by enhancing oxidation of iAs'" to iAs  ^as part of an adsorption mechanism 
(Sun et al., 2006).
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Significant correlations (probability, p < 0.01) were observed at all locations between 
arsenic and vanadium. Furthermore, a strong positive correlation was also observed 
between arsenic and uranium at all sites except along the rio Agrio where uranium 
levels were below the detection limit (0.001 pg/l U) in all samples. The positive 
correlation observed between arsenic and vanadium is in agreement with published 
research from other locations in Argentina, including La Pampa (e.g. Smedley et al., 
2002; Bundschuh et al., 2004; Blanco et al., 2012). It has been suggested that the 
strong correlation observed between arsenic and vanadium is due to their common 
origin in volcanic ash and in similar mineral sources (e.g. Fe/Mn oxides) (Smedley et 
al., 2002 & 2005; Bhattacharya et al., 2006). The data from this study is in agreement 
and supports the theory that volcanic ash is a principle source of arsenic in Argentina.
In conclusion, the exposure of residents to arsenic increases in the order: Copahue- 
Caviahue < General Roca < Los Menucos < Eduardo Castex. There is also a variation 
in physicochemical parameters (e.g. pH and redox potential and arsenic species 
distribution between the four locations. To evaluate the impact of arsenic on residents 
in each location hair, fingernail and toenail samples were collected. The results from 
the analysis of the biological samples are discussed in Chapter 4.
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Chapter 4: Arsenic Levels in Hair, Fingernails and Toenails from Argentina
4.0 Introduction
The levels of arsenic in water from four locations in Argentina (General Roca, Los 
Menucos, Eduardo Castex and Copahue-Caviahue) have been discussed in Chapter 3. 
Hair, fingernail and toenail samples have also been collected from residents in each of 
these four locations to evaluate the impact of arsenic exposure. The levels of arsenic 
and other trace elements have been analysed using inductively coupled plasma mass 
spectrometry (ICP-MS). The measured arsenic levels in each of the four locations have 
been outlined in section 4.3 (hair), section 4.4 (fingernails) and section 4.5 (toenails). 
The relationship between arsenic levels in biological samples and the levels in water 
has been discussed in section 4.6. Furthermore, the relationship between arsenic 
levels in biological samples and gender, age and smoking habits have also been 
evaluated (section 4.8).
4.1 Study Populations
General Roca (Rio Negro) has a low level of arsenic in surface (range: < 0.2 -  5.7 pg/l 
A st), ground (range: 2.0 -  7.6 pg/l Asj), and tap (range: 2.4 -  2.5 pg/l Asy) water. All 
arsenic levels reported in this study are below the guideline limit for drinking water of 
10 pg/l Asy set by the World Health Organisation (WHO, 2008). The town of General 
Roca will, therefore, be considered the “control region” for the purpose of this study. 
Two regions with elevated levels of arsenic (> 10 pg/l Asy) in water have been 
identified: Eduardo Castex (La Pampa) and Los Menucos (Rio Negro). Both of these 
regions are heavily reliant upon ground water as a source of drinking water. Water with 
lower arsenic levels is available at each location via bottled water or a reverse osmosis 
water treatment plant. However, due to the cost of using treated or bottled water, 
ground water with high arsenic levels is still used in each region for cooking, cleaning 
and drinking, particularly in the preparation of Yerba Mate. Although residents in both 
regions are exposed to arsenic, the arsenic concentrations in Eduardo Castex (range:
24.9 - 946 pg/l Asy) were generally higher than those recorded in Los Menucos (range: 
9.33 -  35.8 pg/l Asy).
The fourth region of Copahue-Caviahue (Neuquén) has low levels of arsenic in the 
drinking water (range: < 0.20 -  0.98 pg/l Asy). However, the environment surrounding 
the towns is high in arsenic due to the presence of the Copahue volcano. Analysis of 
the volcanic rio Agrio which flows through the region found arsenic levels ranging from 
179 to 359 pg/l Asy in the upper rio Agrio, and from below 0.20 to 28.8 pg/l Asy in the 
lower rio Agrio (section 3.4). Participants from this region are typically seasonal 
residents ( -  6 months of each year) due to the Copahue Spa. Samples from this region 
will be used as an additional comparison to the two arsenic exposure regions, due to 
the low drinking water exposure but potentially high environmental exposure levels.
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4.1.1 Study population: General Roca
Hair, fingernail and toenail samples were collected from 102 residents from General 
Roca and the surrounding farms. Samples were provided by both adults (> 20 yrs) and 
children/adolescents (< 20 yrs). All demographic information is displayed in Table 4.1. 
Not all locations in this study had samples from both adults and children/adolescents. 
Therefore, in order to make comparisons between locations, four groups have been 
established:
(1) all participants (Total GR);
(2) healthy participants (Healthy GR);
(3) participants over 20 years old (Over 20’s GR), and;
(4) participants under 20 years old (Under 20’s GR).
The Total GR group includes 89 healthy participants, 1 with type-2 diabetes and 12 
with other health disorders, including hypertension, hyperthyroidism and type-1 
diabetes. All participants with a health disorder have been excluded from the Healthy 
GR, Over 20’s GR and Under 20’s GR sample groups (Appendix A2). All participants 
provided age information via the questionnaire. All individual participant questionnaire 
information is included in the appendix in Table C l.
Table 4.1: Demographic information (age, gender and smoking) for hair, fingernail and 
toenail sample groups, for participants in General Roca (Total GR) and the three sub­
groups: Healthy GR, Over 20’s GR and Under 20’s GR.
Sample
Type
Gender Age (yrs) Smoking Habit
Group n
Male Female Ar. X (range) Smoker Non-Smoker
Not
Stated
Total: 102 35 67 20 (1 2 -6 7 ) 17 71 14
Total Hair: 96 32 64 20(12-67 ) 17 68 11
GR Fingernail: 84 28 56 21 (12-67) 15 57 12
Toenail: 89 29 60 21 (12-67) 16 60 13
Total: 89 31 58 1 9 (1 2 -6 7 ) 14 62 13
Healthy Hair: 83 28 55 19(12-67) 14 59 10
GR Fingernail: 74 26 48 19(12-67) 12 51 11
Toenail: 77 25 52 19(12-67) 13 52 12
Over
20’s
Total: 12 1 11 38 (20 -  67) 4 5 3
Hair: 11 1 10 40 (20 -  67) 4 5 2
GR Fingernail: 11 1 10 40 (21 -  67) 3 5 3
Toenail: 12 1 11 38 (20 -  67) 4 5 3
Under
20’s
Total: 77 30 47 1 5 (1 2 -1 9 ) 10 57 10
Hair: 72 27 45 15(12-19) 10 54 8
GR Fingernail: 63 25 38 15(12-19) 9 46 8
Toenail: 65 24 41 16(12-19) 9 47 9
n = number of samples in group; Ar. x = arithmetic mean.
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Hair, fingernail and toenail samples were requested from each participant. Not all 
participants provided all types of sample and some samples were excluded due to the 
provision of insufficient sample amount: exclusion principles/dilution factors are 
outlined in section 2.2.4. Sample group sizes and group demographics for each sample 
type are summarised in Table 4.1. Furthermore, all individual hair, fingernail and toenail 
sample arsenic concentrations are included in the appendix in Table C2.
4.1.2 Study population: Los Menucos
Hair, fingernail and toenail samples were taken from 37 study residents from Los 
Menucos and the surrounding farms. All of the participants were under the age of 20 
(Table 4.2). Three participants reported long-term health disorders, therefore in order to 
make comparisons with other locations, two groups have been established:
(1) all participants (Total LM), and;
(2) healthy participants (Healthy LM). [Equivalent of Under 20’s groups at other 
locations]
All participants provided age information via the questionnaire (Appendix A2). All 
individual participant questionnaire information is included in the appendix in Table C l. 
Hair, fingernail and toenail samples were requested from each participant. However, 
not all participants provided all types of sample and some samples were excluded due 
to the provision of insufficient sample amount: exclusion principles/dilution factors are 
outlined in section 2.2.4. Sample group sizes and group demographics for each sample 
type are summarised in Table 4.2. Furthermore, all individual hair, fingernail and toenail 
sample arsenic concentrations are included in the appendix in Table 02.
Table 4.2: Demographic information (age, gender and smoking) for hair, fingernail and 
toenail sample groups, for participants in Los Menucos (Total LM) and the sub-group 
Healthy LM.
Sample
Type
Gender Age (yrs) Smoking Habit
Group n
Male Female Ar. X (range) _ , Non- Smoker _ ,Smoker
Not
Stated
Total: 37 10 27 1 6 (1 3 -1 9 ) 5 25 7
Total LM
Hair: 37 10 27 16(13-19) 5 25 7
Fingernail: 31 10 21 16(13-19) 5 20 6
Toenail: 26 5 21 16(13-19) 3 19 4
Total: 34 9 25 1 6 (1 3 -1 9 ) 5 23 6
Healthy Hair: 34 9 25 16(13-19) 5 23 6
LM Fingernail: 28 9 19 16(13-19) 5 18 5
Toenail: 24 5 19 16(13-19) 3 18 3
n = number of samples in group; Ar. x = arithmetic mean.
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4.1.3 Study population: Eduardo Castex
Hair, fingernail and toenail samples were collected from 151 residents from Eduardo 
Castex and the surrounding farms. Samples were provided by both adults (> 20 yrs) 
and children/adolescents (< 20 yrs). All demographic information is displayed in Table
4.3. In order to make comparisons with other locations, four groups have been 
established:
(1) all participants (Total EC);
(2) healthy participants (Healthy EC);
(3) participants over 20 years old (Over 20’s EC), and;
(4) participants under 20 years old (Under 20’s EC).
Table 4.3: Demographic information (gender, age and smoking) for hair, fingernail and 
toenail sample groups, for participants in Eduardo Castex (Total EC) and the three sub­
groups: Healthy EC, Over 20’s EC and Under 20’s EC.
Group SampleType n
Gender Age (yrs) Smoking Habit
Male Female Ar. % (range) Smoker Non-Smoker
Not
Stated
Total: 151 65 85 41 (1 0 -8 0 ) 30 37 84
Total Hair: 147 63 84 41 (10-80) 30 37 80
EC Fingernail: 134 61 73 41 (10-80) 29 34 71
Toenail: 59 24 35 39 (10-75) 2 11 46
Total: 91 41 50 33 (1 0 -7 2 ) 20 11 60
Healthy Hair: 88 39 49 33 (10-72) 20 11 57
EC Fingernail: 83 40 43 33 (10-72) 20 10 53
Toenail: 33 16 17 31 (10-72) 0 4 29
Total: 62 32 30 42 (21 -  72) 20 11 31
Over Hair: 59 30 29 42 (21 -  72) 20 11 28
20’s EC Fingernail: 56 31 25 42 (21 -  72) 20 10 26
Toenail: 21 12 9 39 (21 -  72) 0 4 17
Total: 27 9 18 1 4 (1 0 -1 9 ) 0 0 27
Under Hair: 27 9 18 14(10-19) 0 0 27
20’s EC Fingernail: 25 9 16 14(10-19) 0 0 25
Toenail: 11 4 7 16(10-19) 0 0 11
n = number of samples in group; Ar. % = arithmetic mean.
The Total EC group includes 91 healthy participants, 36 with type-2 diabetes and 24 
with other health disorders, including hypertension, hyperthyroidism and cancer. All 
participants with a health disorder have been excluded from the Healthy EC, Over 20’s 
EC and Under 20’s EC sample groups. Three participants did not record their age on 
the corresponding questionnaire. These samples will be included within the Total EC 
and Healthy EC groups, where appropriate. However, they will be excluded from the 
age-related groups: Over 20’s EC and Under 20’s EC. The relevant missing age
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information has not been included in any subsequent statistical calculation relating to 
age. All individual participant questionnaire information is included in the appendix in 
Table C1.
Hair, fingernail and toenail samples were requested from each participant. However, 
not all participants provided all types of sample and some samples were excluded due 
to the provision of insufficient sample amount: exclusion principles/dilution factors are 
outlined in section 2.2.4. Sample group sizes and group demographics for each sample 
type are summarised in Table 4.3. Furthermore, all individual hair, fingernail and toenail 
sample arsenic concentration levels are included in the appendix in Table C2.
4.1.4 Study population: Copahue-Cavlahue
Hair, fingernail and toenail samples were collected from 22 participants from the towns 
of Copahue and Caviahue. Most of the participants were temporary residents (n = 20) 
and lived for ~ 6 months at Copahue. During the “off-season” when Copahue is under 
snow these residents typically lived in Loncopue. The remaining 2 participants (CP 2 & 
22) are permanent residents in Caviahue. Most participants were adults (> 20 yrs) and 
only two were below the age of 20. All demographic information is displayed in Table
4.4.
In order to make comparisons with other locations three groups have been established:
(1) all participants (Total CP);
(2) healthy participants (Healthy CP), and;
(3) participants over 20 years old (Over 20’s CP).
The Total CP group includes 15 healthy participants and 7 with a long-term health 
disorder, including hypertension and hyperthyroidism. All participants with a health 
disorder have been excluded from the Healthy CP and Over 20’s CP sample groups. 
All participants provided age information via the questionnaire (Appendix A2). All 
individual participant questionnaire information is included in the appendix in Table C l.
All participants provided hair, fingernail and toenail samples. However the fingernail 
sample provided by participant CP 22 was excluded due to the provision of insufficient 
sample material: exclusion principles/dilution factors are outlined in section 2.2.4. The 
sample group sizes and group demographics for fingernail samples following the 
exclusion of sample CP 22 are summarised in Table 4.4. Furthermore, all individual 
hair, fingernail and toenail sample arsenic concentrations are included in the appendix 
in Table C2.
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Table 4.4: Demographic information (gender, age and smoking) for hair, fingernail and 
toenail sample groups, for participants in Copahue-Caviahue (Total CP) and the two 
sub-groups: Healthy CP and Over 20’s CP.
Sample
Type
Gender Age (yrs) Smoking Habit
Group n
Male Female Ar. X (range) _ , Non- Smoker _ ,Smoker
Not
Stated
Total: 22 4 18 35 (1 2 -5 8 ) 7 15 0
Total CP
Hair: 22 4 18 35 (12-58) 7 15 0
Fingernail: 21 4 17 36 (18-58) 7 14 0
Toenail: 22 4 18 35 (12-58) 7 15 0
Total: 16 3 13 33 (1 2 -5 2 ) 5 11 0
Healthy Hair: 16 3 13 33 (12-52) 5 11 0
CP Fingernail: 15 3 12 35 (18-52) 5 10 0
Toenail: 16 3 13 33 (12-52) 5 11 0
Total: 14 3 11 36 (21 -  52) 5 9 0
Over Hair: 14 3 11 36 (21 -  52) 5 9 0
20’s CP Fingernail: 14 3 11 36 (21 -  52) 5 9 0
Toenail: 14 3 11 36 (21 -  52) 5 9 0
n = number of samples in group; Ar. % =: arithmetic mean.
4.2 Statistical Analysis
Arsenic data for hair, fingernail and toenail samples from each of the four locations is 
skewed and is therefore not normally distributed. Due to the skewed distribution of the 
data, non-parametric tests have been used to evaluate statistical differences and 
correlations. The Mann-Whitney U-test, outlined in section 2.8.4, has been used to 
evaluate statistical differences in the distribution of the sample concentrations. 
Furthermore, the Spearman rank correlation coefficient (rg) has been used for the 
determination of any correlations between hair, fingernail and toenail samples across 
all locations (section 2.8.6). The correlation between arsenic in water and that in 
biological samples has been evaluated using the product moment correlation 
coefficient (rp), as outlined in section 2.8.5.
The majority of sample groups within the following location-based study contain some 
samples with arsenic concentrations below the detection limit. This further limits the 
statistical tests that can be conducted, as the exact arsenic concentration is unknown. 
To allow the estimation of statistical differences and correlations, samples with arsenic 
concentrations below the detection limit were assigned a value of one-half the 
detection limit, as previously demonstrated by Hinwood et al. (2003).
4.3 Arsenic Levels in Hair Samples
Hair samples were collected by a trained member of the project team from the study 
volunteers at each of the locations, as stated in the ethical approval documentation 
(EC/2010/124/FHMS) (Appendix A1). All hair samples were collected, washed.
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digested and analysed as outlined in section 2.2. All samples were given a unique code 
which corresponded to a questionnaire and consent/assent form (Appendix A2 & A4 -  
A6). Individual sample and questionnaire data is provided in Tables C1 and C2 in the 
appendix. All scalp hair samples were dried at 60 °C prior to digestion and all 
subsequent trace element concentrations are given as dry weight (dw).
4.3.1 Arsenic in hair: Générai Roca
Arsenic levels in hair samples from General Roca ranged from below 0.05 to 0.33 
mg/kg Ast (median: < 0.05 mg/kg Asj). The range was slightly lower for the Healthy 
OR, Over 20’s GR and Under 20’s GR groups (Table 4.5). It has been approximated 
that an arsenic level below 1 mg/kg Asj is normal for a subject with no known exposure 
to arsenic (Hindmarsh, 2000). This has been demonstrated in areas with low arsenic 
exposure via drinking water (< 10 pg/l Asj), including regions of Cambodia 
(Sthiannopkao et al., 2010), Pakistan (Kazi et al., 2009), the United Kingdom (Brima et 
al., 2006) and Vietnam (Nguyen et al., 2009). Concha et al. (2006) monitored arsenic 
levels in hair from female residents of several towns/villages in the province of Salta 
(North Argentina). The village of Rosario de Lerma, near the provincial capital city of 
Salta, had low arsenic levels in drinking water (ground water: 0.6 -  0.7 pg/l Asy). The 
corresponding arsenic levels in the hair samples were also low, ranging from 0.024 to 
0.072 mg/kg Asy (median: 0.033 mg/kg Asy). The findings from this study are in 
agreement with this, and 56.3 % (n = 54) of the hair samples from General Roca 
contained arsenic levels below 0.05 mg/kg Asy.
Table 4.5: Total arsenic levels (median, minimum and maximum) in washed hair 
samples from participants in General Roca (Total GR) and the three sub-groups: 
Healthy GR, Over 20’s GR and Under 20’s GR.
Group n
Total Arsenic Concentration (mg/kg Asy, dw) Percentage (%) 
< 0.05 mg/kg AstMed. Min. Max.
Total GR 96 <0.05 <0.05 0.33 56.3
Healthy GR 83 <0.05 <0.05 0.24 57.8
Over 20 ’s GR 11 0.05 <0.05 0.13 45.5
Under 20’s GR 72 <0.05 <0.05 0.24 59.7
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry weight.
4.3.2 Arsenic in hair: Los Menucos
Total arsenic levels in hair from Los Menucos ranged from 0.05 to 0.47 mg/kg Asy 
(arithmetic mean: 0.13 mg/kg Asy; median: 0.12 mg/kg Asy) (Table 4.6). All samples 
from Los Menucos were provided by participants under the age of 20. Therefore to 
compare the regions of Los Menucos and General Roca the Healthy LM and Under 
20’s GR groups will be used. In comparison to the control region of General Roca, hair 
samples from Los Menucos have a statistically higher distribution of arsenic
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concentrations (probability, p < 0.01). None of the samples from Los Menucos have 
arsenic levels below the detection limit (0.05 mg/kg Asy), whereas in General Roca 
59.7 % (n = 43) of the samples had levels below 0.05 mg/kg Asy. The median value for 
Los Menucos (0.12 mg/kg Asy) is also higher than that recorded for General Roca (< 
0.05 mg/kg Asy).
Despite the fact that Los Menucos is an area of low to medium arsenic exposure 
(water: 9.3 -  35.8 pg/l Asy), all of the samples have arsenic concentrations below the 
suggested maximum arsenic level for an unexposed population (< 1 mg/kg) 
(Hindmarsh, 2000). Agusa et al. (2006) also recorded levels below 1 mg/kg Asy (range: 
0.12 -  0.75 mg/kg Asy) in hair from a region of Vietnam (Gia Lam) with a similar level of 
arsenic exposure (water: < 0.1 -  38.2 pg/l Asy). In contrast, Hinwood et al. (2003) 
recorded significantly higher levels of arsenic in hair (range: 1.0 -  20.4 mg/kg Asy) from 
subjects in Australia exposed to arsenic levels in water ranging from 3.4 to 73 pg/l Asy. 
This could indicate that the participants in Australia consume a greater amount of water 
containing arsenic compared to those in this study or those in the study by Agusa et al. 
(2006). The difference may also occur due to variations in ethnicity. Brima et al. (2006) 
found significantly different arsenic levels in hair, fingernail and urine samples from 
three different ethnic groups in the United Kingdom.
Table 4.6: Total arsenic levels (median, minimum and maximum) in washed hair 
samples from participants in Los Menucos (Total LM) and the sub-group: Healthy LM; 
and the statistical difference (Mann-Whitney U-Test) between Los Menucos (LM) and 
General Roca (GR).
Group n
Total Arsenic Concentration 
(mg/kg Asy, dw)
Percentage (%) 
< 0.05 mg/kg
Mann-Whitney U-Test*
Med. Min. Max. ASy P Relationship
Total LM 37 0.12 0.05 0.47 0.05 <0.01 LM> GR
Healthy LM 34 0.12 0.05 0.47 0.05 <0.01 LM> GR
* Statistical difference between the LM group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Med. = median; 
Min. = minimum; Max. = maximum; dw = dry weight.
4.3.3 Arsenic in hair: Eduardo Castex
Arsenic levels in hair from Eduardo Castex ranged from below 0.05 to 4.24 mg/kg Asy 
(median: 0.15 mg/kg Asy). The range and median changed when the data was split into 
the two age groups: Over 20’s EC (range: < 0.03 -  1.52 mg/kg Asy; median: 0.08 
mg/kg Asy) and Under 20’s EC (range: < 0.07 -  2.60 mg/kg Asy; median: 0.39 mg/kg 
Asy). The impact of age will be considered further within section 4.8.1.
A Mann-Whitney U-Test (section 2.8.4) showed that hair samples from Eduardo Castex 
have a higher distribution of arsenic (p < 0.01) compared to hair samples from the
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control region of General Roca, for all groups (Table 4.7). Only 6.1 % (n = 9) of the 
Total EC group have arsenic levels below 0.05 mg/kg Asy, compared to 56.3 % (n = 
58) of the Total GR group. The median value for the Total EC group (median: 0.15 
mg/kg Asy) is also higher than that for General Roca {Total GR median: < 0.05 mg/kg 
Asy). This difference is maintained when considering only healthy participants: Healthy 
EC median is 0.15 mg/kg Asy and Healthy GR median is below 0.05 mg/kg Asy. The 
higher arsenic levels recorded in Eduardo Castex may occur due to the higher level of 
arsenic exposure through water (range: 24.9 - 946 pg/l Asy).
High arsenic levels in hair (> 1 mg/kg Asy) have been reported globally in regions of 
elevated arsenic exposure. Mandai et al. (2003) found arsenic levels ranging from 0.70 
to 16.2 mg/kg Asy in hair from subjects in West Bengal exposed to between 88 and 612 
pg/l Asy. Similarly, Cavar et al. (2005) reported arsenic levels of 4.13 ± 3.13 mg/kg Asy 
in hair from participants in Andrijasevci (Croatia) exposed to 612 ± 10.1 pg/l Asy in 
drinking water. Arsenic levels up to 30 mg/kg Asy were reported in Cambodia where 
subjects were exposed to between 5 and 1543 pg/l Asy (Sthiannopkao et al., 2010). 
Furthermore, Concha et al. (2006) reported high arsenic levels (range: 0.52 -  4.25 
mg/kg Asy) in hair samples from study participants in San Antonio de los Cobres (Salta 
Province, Argentina) exposed to between 107 and 229 pg/l Asy.
Table 4.7: Total arsenic levels (median, minimum and maximum) in washed hair 
samples from participants in Eduardo Castex (Total EC) and the three sub-groups: 
Healthy EC, Over 20’s EC and Under 20’s EC; and the statistical difference (Mann- 
Whitney U-Test) between Eduardo Castex (EC) and General Roca (GR).
Group n
Total Arsenic Concentration 
(mg/kg Asy, dw)
Percentage (%) 
< 0.05 mg/kg
Mann-Whitney U-Test*
Med. Min. Max. Asi P Relationship
Total EC
14
7 0.15
<0.03 4.24 8.8 <0.01 E O G R
Healthy EC 88 0.15 <0.03 2.60 4.5 <0.01 E O G R
Over 20’s EC 59 0.08 <0.03 1.52 6.8 <0.01 E O G R
Under 20’s 
EC 27 0.39
<0.07 2.60 *3.7 <0.01 E O G R
^S ta tis tica l difference between the EC group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); * Percentage < 0.07 mg/kg Asy; n = number of 
samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry weight.
4.3.4 Arsenic In hair: Copahue-Cavlahue
Extremely low arsenic levels were found in hair samples from participants in Copahue- 
Caviahue (range: < 0.05 -  0.15 mg/kg Asy). A total of 95.5 % (n = 21) of the hair 
samples contained arsenic levels below 0.05 mg/kg Asy (Table 4.8), compared to 56.3 
% (n = 58) of samples from General Roca (Table 4.5). A Mann-Whitney U-test (section 
2.8.4) showed that hair samples from Copahue-Caviahue have a lower distribution of
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arsenic (p < 0.01) compared to hair samples from the control region of General Roca. 
The vast majority of participants from Copahue-Caviahue were over the age of 20. 
When comparing the Over 20’s CP and Over 20’s GR groups the statistical difference 
is maintained. However, the difference is statistically significant at a significance level 
of p < 0.05.
The low arsenic levels in hair samples from participants in Copahue-Caviahue is most 
likely due to the extremely low levels of arsenic in the drinking water of both Copahue 
and Caviahue (range: < 0.2 -  0.98 pg/l Asy). Higher arsenic levels are present in water 
in the control region of General Roca (range: < 0.2 -  7.6 pg/l Asy).
Low arsenic levels in hair (range: 0.024 -  0.072 mg/kg Asy) were also reported by 
Concha et al. (2006) in Rosario de Lerma (Salta Province, Argentina), where 
participants were exposed to similarly low arsenic levels in the drinking water (range: 
0.6 -  0.7 pg/l Asy). Limited information is available regarding arsenic levels in hair from 
geothermal regions. The low arsenic levels found in this study suggests that the 
residents of Copahue-Caviahue are not exposed to elevated arsenic levels despite the 
high natural environmental arsenic present due to the geothermal rio Agrio.
Table 4.8: Total arsenic levels (median, minimum and maximum) in washed hair 
samples from participants in Copahue-Caviahue (Total CP) and the two sub-groups: 
Healthy CP and Over 20’s CP; and the statistical difference (Mann-Whitney U-Test) 
between Copahue-Caviahue (CP) and General Roca (GR).
Total Arsenic Concentration Percentage (%) Mann-Whitney U-
Group n (mg/kg Asy, dw) < 0.05 mg/kg Test:
Med. Min. Max. ASy P Relationship
Total CP 22 < 0.05 <0.05 0.15 95.5 < 0.01 C P < G R
Healthy CP 15 <0.05 <0.05 0.15 93.8 <0 .05 C P < G R
Over 20 ’s 
r.P 13 < 0.05 - <0.05 100 <0.05 C P < G R
 ^ Statistical difference between the CP group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Med. = median; 
Min. = minimum; Max. = maximum; dw = dry weight.
4.4 Arsenic Levels in Fingernail Samples
Fingernail samples were collected by a trained member of the project team from the 
study volunteers at each of the locations, as stated in the ethical approval 
documentation (EC/2010/124/FHMS) (Appendix A l). All fingernail samples were 
collected, washed, digested and analysed as outlined in section 2.2. All samples were 
given a unique code which corresponded to a questionnaire and consent/assent form 
(Appendix A2 & A4 -  A6). Individual sample and questionnaire data is provided in 
Tables Cl and C2 in the appendix. All fingernail samples were dried at 60 °C prior to
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digestion and all subsequent trace element concentrations are given as dry weight 
(dw).
4.4.1 Arsenic in fingernails: General Roca
Arsenic levels in fingernail samples from General Roca ranged from below 0.05 to 2.84 
mg/kg Asy (median: 0.12 mg/kg). Similar ranges and medians were also obtained for 
the Healthy GR, Over 20’s GR and Under 20’s GR groups (Table 4.9). Mazumder 
(2000) stated that the typical arsenic level in fingernails from subjects unexposed to 
arsenic, ranges from 0.02 to 0.5 mg/kg. However, reports from areas with low arsenic 
exposure via drinking water ( < 1 0  pg/l Asy) have recorded higher arsenic levels in 
fingernails. Martinez et al. (2004) reported 3.57 ± 0.65 mg/kg Asy in fingernails from 
participants in Concepcion (southern Chile). Mandai et al. (2003) and Ahamed et al. 
(2006), on the other hand, reported slightly lower levels in an unexposed region of India 
with levels ranging from 0.11 to 1.1 mg/kg Asy. The arsenic levels found in this study 
are within the ranges observed for unexposed regions around the world.
Table 4.9: Total arsenic levels (median, minimum and maximum) in washed fingernail 
samples from participants in General Roca (Total GR) and the three sub-groups: 
Healthy GR, Over 20’s GR and Under 20’s GR.
Group
Total Arsenic Concentration (mg/kg Asy, dw) Percentage (%)
Med. Min. Max. < 0.05 mg/kg Asy
Total GR 84 0.12 <0.05 2.84 2.4
Healthy GR 74 0.12 <0.05 2.84 2.7
Over 20 ’s GR 11 0.18 <0.05 0.48 9.1
Under 20’s GR 63 0.12 <0.05 2.84 1.6
n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; dw = dry weight.
4.4.2 Arsenic In fingernails: Los Menucos
Arsenic levels in fingernail samples from participants in Los Menucos ranged from 
below 0.2 to 0.61 mg/kg Asy (median: 0.25 mg/kg Asy). A similar range and median 
was also obtained for the Healthy LM group (Table 4.10). This range is consistent with 
the range stated by Mazumder (2000) for subjects unexposed to arsenic (range: 0.02 - 
0.5 mg/kg Asy) despite the fact that Los Menucos is a region with low to medium 
exposure to arsenic via drinking water. All samples from Los Menucos were provided 
by participants under the age of 20. Therefore to compare the regions of Los Menucos 
and General Roca the Healthy LM and Under 20’s GR groups will be used. The median 
arsenic concentration recorded for Los Menucos (median: 0.25 mg/kg Asy) is higher 
than that found for General Roca (median: 0.12 mg/kg Asy). The fingernail samples 
from General Roca do have a wider arsenic range {Total GR range: < 0.06 -  2.8 mg/kg 
Asy), however 96.8 % (n = 61) of the samples from General Roca have arsenic
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concentrations below 0.3 mg/kg Asy, compared to 64.3 % (n = 18) from Los Menucos. 
Furthermore, a Mann-Whitney U-test showed that Los Menucos has a statistically 
higher distribution of arsenic levels in fingernails compared to General Roca for both 
the Total LM and Healthy LM groups (p < 0.01).
Table 4.10: Total arsenic levels (median, minimum and maximum) in washed fingernail 
samples from participants in Los Menucos (Total LM) and the sub-group: Healthy LM; 
and the statistical difference (Mann-Whitney U-Test) between Los Menucos (LM) and 
General Roca (GR).
Group n
Total Arsenic Concentration 
(mg/kg Asy, dw)
Percentage (%) 
< 0.05 mg/kg
Mann-Whitney U-Test*
Med. Min. Max. ASy P Relationship
Total LM 31 0.25 < 0.2 0.61 35.5 < 0.01 LM > GR
Healthy LM 28 0.25 < 0.2 0.61 25.0 <0.01 L M > G R
:  Statistical difference between the LM group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Med. = median; 
Min. = minimum; Max. = maximum; dw = dry weight.
4.4.3 Arsenic in fingernails: Eduardo Castex
Total arsenic levels in fingernail samples from Eduardo Castex ranged from below 0.05 
to 10.7 mg/kg Asy (median: 0.48 mg/kg Asy). The range and median changed when the 
data was split into the three sub-groups (Table 4.11). Only 0.7 % (n = 1) of the 
fingernail samples had an arsenic level below 0.05 mg/kg Asy. The median arsenic 
level measured for samples from Eduardo Castex (median: 0.48 mg/kg Asy) was higher 
than that recorded for General Roca (median: 0.12 mg/kg Asy). The distribution of 
arsenic levels was also significantly higher for Eduardo Castex (p < 0.01), and 17.2 % 
(n = 23) of the samples had arsenic levels greater than 3.0 mg/kg Asy. This difference 
is maintained when only considering healthy participants: Healthy EC median: 0.58 
mg/kg Asy and Healthy GR median: 0.12 mg/kg Asy.
Table 4.11: Total arsenic levels (median, minimum and maximum) in washed fingernail 
samples from participants in Eduardo Castex (Total EC) and the three sub-groups: 
Healthy EC, Over 20’s EC and Under 20’s EC; and the statistical difference (Mann- 
Whitney U-Test) between Eduardo Castex (EC) and General Roca (GR).
Total Arsenic Concentration Percentage (%) Mann-Whitney U-Test* 
Group n ______ (mg/kg Asy, dw)______  < 0.05 mg/kg
Med. Min. Max. ASy P Relationship
Total EC 134 0.48 <0.05 10.7 0.7 < 0.01 E O G R
Healthy EC 83 0.58 <0.12 10.7 *1.2 < 0.01 E O G R
Over 20 ’s EC 56 0.69 0.05 10.7 0 < 0.01 E C > G R
Under 20’s EC 25 0.49 <0.17 3.1 **4.0 < 0.01 E O G R
:  Statistical difference between the EC group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); * Percentage < 0.12 mg/kg Asy; ** Percentage < 
0.17 mg/kg Asy; n = number of samples in group; Med. = median; Min. = minimum; Max. = maximum; 
dw = dry weight.
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High arsenic levels have also been reported in other locations with elevated levels of 
arsenic exposure. Martinez et al. (2004) reported 10.2 ± 1.6 mg/kg Asy in fingernails 
from participants in Chile exposed to between 3.3 and 1087 pg/l Asy. Significantly 
higher levels were reported by Mandai et al. (2003) (range: 2.1 -  40.3 mg/kg Asy) and 
Samanta et al. (2004) (range: 0.74 -  36.6 mg/kg Asy) in fingernails from subjects in 
West Bengal exposed to between 88 and 612 pg/l Asy. As previously mentioned in 
section 4.3.2 this difference could occur due to differences in the amount of water 
consumed or through variations in ethnicity (Brima et al., 2006).
Table 4.12: Total arsenic levels (median, minimum and maximum) in washed fingernail 
samples from participants in Copahue-Caviahue (Total CP) and the two sub-groups: 
Healthy CP and Over 20’s CP; and the statistical difference (Mann-Whitney U-Test) 
between Copahue-Caviahue (CP) and General Roca (GR).
Total A rsen ic  C oncentra tion Percentage (%) M ann-W hitney U-
Group n (m g/kg Asy, dw) < 0.05 m g/kg T est:
Med. Min. Max. ASy P R ela tionsh ip
Total CP 21 <0.05 <0.05 0.09 66.7
<
0.01 CP < GR
Healthy CP 14 <0.05 <0.05 0.09 66.7
<
0.01 CP < GR
Over 20’s 
CP
14 <0.05 <0.05 0.09 64.3
<
0.01 C P < G R
:  Statistical difference between the CP group and the equivaient group from General Roca, analysed using 
a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Med. = median; Min. =
minimum; Max. = maximum; dw = dry weight.
4.4.4 Arsenic in fingernails: Copahue-Caviahue
Low arsenic levels were found in fingernail samples from Copahue-Caviahue (range: < 
0.05 -  0.09 mg/kg Asy; median: < 0.05 mg/kg Asy). A total of 66.7 % (n = 14) of the 
fingernail samples contained arsenic levels below 0.05 mg/kg Asy. The median arsenic 
level recorded for Copahue-Caviahue (median: < 0.05 mg/kg Asy) is lower than that for 
General Roca (median: 0.12 mg/kg Asy). Furthermore, the distribution of arsenic levels 
is statistically lower in fingernail samples from Copahue-Caviahue compared to 
General Roca (p < 0.01). This is in agreement with the data reported for hair, and 
corresponds to the low level of arsenic exposure through drinking water (range: < 0.2 -  
0.98 pg/l Asy).
4.5 Arsenic Levels In Toenail Samples
Toenail samples were collected by a trained member of the project team from the study 
volunteers at each of the locations, as stated in the ethical approval documentation 
(EC/2010/124/FHMS) (Appendix A l). All toenail samples were collected, washed, 
digested and analysed as outlined in section 2.2. All samples were given a unique code 
which corresponded to a questionnaire and consent/assent form (Appendix A2 & A4 -
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A6). Individual sample and questionnaire data is provided in Tables C1 and C2 in the 
appendix. All toenail samples were dried at 60 °C prior to digestion and all subsequent 
trace element concentrations are given as dry weight (dw).
4.5.1 Arsenic in toenails: General Roca
Arsenic levels in toenail samples from General Roca ranged from below 0.06 to 5.7 
mg/kg Asy (median: 0.19 mg/kg). Similar ranges and medians were also obtained for 
the Healthy GR, Over 20’s GR and Under 20’s GR groups (Table 4.13). There is limited 
literature information available for arsenic in toenails from regions with low arsenic 
exposure. In two separate studies Garland et al. (1993 & 1996) reported 0.11 ± 0.17 
and 0.12 ± 0.14 mg/kg Asy in toenail samples from female study participants in low 
exposure regions of the USA. Button et al. (2009) also recorded low arsenic levels in 
toenail samples from participants in the United Kingdom (range: 0.073 -  0.273 mg/kg 
Asy). The arsenic levels found in this study are typically higher ranging up to 5.7 mg/kg 
Asy. However, only 9.0 % (n = 8) of the samples had arsenic levels greater than 1.0 
mg/kg Asy, and 65.1 % (n = 58) of the samples had arsenic levels below 0.30 mg/kg 
Asy, within the literature range for unexposed populations.
Table 4.13: Total arsenic levels (median, minimum and maximum) in washed toenail 
samples from participants in General Roca (Total GR) and the three sub-groups: 
Healthy GR, Over 20’s GR and Under 20’s GR.
Group n
Total Arsenic Concentration (mg/kg Asy, dw) Percentage (%) 
Med. Min. Max. < 0.06 mg/kg Asy
Total GR 89 019 <0.06 5J1 Ï Ï
Healthy GR 77 0.19 <0.06 5.71 1.3
Over 20’s GR 12 0.22 <0.2 2.85 8.3*
Under 20 ’s GR 65 0.19 <0.06 5.71 1.5
* Percentage < 0.2 mg/kg Asy; n = number of samples in group; Med. = median; Min. = minimum; Max. = 
maximum; dw = dry weight.
4.5.2 Arsenic in toenaiis: Los Menucos
Total arsenic levels in toenail samples from Los Menucos ranged from 0.23 to 1.6 
mg/kg Asy (arithmetic mean: 0.70 mg/kg Asy; median: 0.61 mg/kg Asy). A similar range 
and median was also obtained for the Healthy LM group (Table 4.14).
All samples from Los Menucos were provided by participants under the age of 20. 
Therefore to compare the regions of Los Menucos and General Roca the Healthy LM 
and Under 20’s GR groups will be used. As observed with fingernails the median 
arsenic level in toenail samples is higher in Los Menucos (median: 0.59 mg/kg Asy) 
compared to the control region of General Roca (median: 0.19 mg/kg Asy). The toenail 
samples from General Roca had a wider range (range: < 0.06 -  5.7 mg/kg Asy) than 
that found at Los Menucos (range: 0.23 -  1.6 mg/kg Asy). However, 66.2 % (n = 43) of
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the samples from General Roca had arsenic level below 0.3 mg/kg Asy, compared to 
only 4.2 % (n = 1) from Los Menucos. The lower levels in General Roca where 
highlighted in a Mann-Whitney U-test, which showed a statistically higher distribution of 
arsenic levels in toenails from Los Menucos compared to General Roca (p < 0.01).
Karagas et al. (2001) also found arsenic levels below 1 mg/kg Asy in toenail samples 
from healthy participants (age: 25 -  74 yrs) in the USA. The arsenic levels ranged from 
below 0.01 to 0.81 mg/kg Asy for subjects exposed to 0.002 to 66.6 pg/l Asy. In 
contrast, Hinwood et al. (2003) found significantly higher levels of arsenic in toenails 
(range: 8.8 -  79.4 mg/kg Asy) from subjects in Australia exposed to arsenic levels in 
water ranging from 3.4 to 73 pg/l Asy. High arsenic levels were also found in hair 
samples from the same participants. As previously mentioned in section 4.3.2 this 
difference could occur due to differences in the amount of water consumed or through 
variations in ethnicity (Brima et al., 2006).
Table 4.14: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in washed toenail samples from participants in Los Menucos (Total LM) and 
the sub-group: Healthy LM; and the statistical difference (Mann-Whitney U-Test) 
between Los Menucos (LM) and General Roca (GR).
Group n
Total Arsenic Concentration (mg/kg Asy, dw) Mann-Whitney Li- Test*
Ar. X  Geo. x  S.D. Med. Min. Max. p Relationship
Total
LM 26
0.70 0.63 0.37 0.61 0.23 1.62 < 0.01 LM > GR
Healthy
LM 24 0.70 0.62 0.39 0.59 0.23 1.62 <0.01 LM > GR
: Statistical difference between the LM group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-test (p = probabiiity levei); n = number of sampies in group; Ar. x  = arithmetic 
mean; Geo. x = geometric mean; S.D. = standard deviation; Med. = median; Min. = minimum; Max. = 
maximum; dw = dry weight.
4.5.3 Arsenic in toenaiis: Eduardo Castex
Arsenic levels in toenail samples from Eduardo Castex ranged from 0.09 to 13.8 mg/kg 
Asy (arithmetic mean: 1.8 mg/kg Asy; median: 0.98 mg/kg Asy). The mean and ranges 
increased when the data was split into the sub-groups including only healthy 
participants (Table 4.15). The increase was particularly prominent for the Under 20’s 
EC group (arithmetic mean: 4.2 mg/kg Asy). The impact of age will be considered 
further in section 4.8.1.
The median for Eduardo Castex (median: 0.98 mg/kg Asy) is significantly higher than 
that for General Roca (median: 0.19 mg/kg Asy). A total of 49.1 % (n = 29) of the 
samples from Eduardo Castex had arsenic levels greater than 1 mg/kg Asy, compared 
to 9.0 % (n = 8) of samples from General Roca. Furthermore, a Mann-Whitney U-test 
showed a statistically higher distribution of arsenic levels in toenail samples from
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Eduardo Castex compared to General Roca for the Total EC group and all sub-groups
(p<0.01).
Adair et al. (2006) also recorded high levels of arsenic (range: < 0.08 -  16.3 mg/kg 
Ast) in toenail samples from participants in exposed to arsenic levels ranging from 
below 3 to 2100 pg/l Asy in the USA. Hinwood et al. (2003) also reported high arsenic 
levels in toenails (range: 8.8 -  79.4 mg/kg Asy) from subjects in Australia exposed to 
arsenic levels in water ranging from 3.4 to 73 pg/l Asy. Slightly lower arsenic levels 
(range: 0.71 -  5.0 mg/kg Asy) were reported by Chiou et al. (1997) for participants in 
Taiwain exposed to arsenic levels ranging from below 1 to 300 pg/l Asy. Chiou et al. 
(1997) found that arsenic accumulated in a greater extent in toenails compared to hair, 
which is in agreement with the data from this study.
Table 4.15: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in washed toenail samples from participants in Eduardo Castex (Total EC) 
and the three sub-groups: Healthy EC, Over 20’s EC and Under 20’s EC; and the 
statistical difference (Mann-Whitney U-Test) between Eduardo Castex (EC) and 
General Roca (GR).
Group n
Total A rsen ic  C oncentra tion (m g/kg Asy,dw)
M ann-W hitney U- 
Test*
Ar. X Geo. X S.D. Med. Min. Max. P R ela tionsh ip
Total EC 59 1.8 0.99 2.3 0.98 0.09 13.8 < 0.01 E O G R
Healthy EC 33 2.5 1.7 2.7 1.7 0.36 13.8 <0.01 E C >  GR
Over 20 ’s 
EC
21 1.4 1.2 0.98 0.98 0.36 4.1 <0.01 E O G R
Under 20 ’s 
EC
11 4.2 3.0 3.8 2.4 0.74 13.8 <0.01 E O  GR
:  Statistical difference between the EC group and the equivalent group from General Roca, analysed 
using a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Ar. x  = arithmetic 
mean; Geo. x = geometric mean; S.D. = standard deviation; Med. = median; Min. = minimum; Max. = 
maximum; dw = dry weight.______________________________________________________________
4.5.4 Arsenic In toenails: Copahue-Caviahue
Low arsenic levels were found in toenail samples from Copahue-Caviahue (range: < 
0.05 -  1.7 mg/kg Asy; median: 0.06 mg/kg Asy). A total of 31.8 % (n = 7) of the toenail 
samples contained arsenic levels below 0.05 mg/kg Asy and only 2 samples had levels 
greater than 0.5 mg/kg Asy. The median arsenic level recorded for Copahue-Caviahue 
(median: 0.06 mg/kg Asy) is lower than that for General Roca (median: 0.19 mg/kg 
Asy). A Mann-Whitney U-test (section 2.8.4) showed that toenail samples from 
Copahue-Caviahue have a lower distribution of arsenic (p < 0.01) compared to toenail 
samples from the control region of General Roca. The vast majority of participants from 
Copahue-Caviahue were over the age of 20. When comparing the Over 20’s CP and
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Over 20’s GR groups the statistical difference is maintained. However, the difference is 
statistically significant at a probability level of p < 0.05.
Table 4.16: Total arsenic levels (median, minimum and maximum) in washed toenail 
samples from participants in Copahue-Caviahue (Total CP) and the two sub-groups: 
Healthy CP and Over 20’s CP; and the statistical difference (Mann-Whitney U-Test) 
between Copahue-Caviahue (CP) and General Roca (GR).
Group
Total Arsenic Concentration 
(mg/kg Asy, dw)
Med. Min. Max.
Percentage (%) 
< 0.05 mg/kg 
Asy
Mann-Whitney U- 
Test* 
p Relationship
Total CP 22 0.06 <0.05 1.67 31.8
<
0.01 CP<GR
Healthy CP 15 0.08 <0.05 1.67 25.0
<
0.05 CP<GR
Over 20’s 
CP
14 0.08 < 0.05 1.67 21.4
<
0.05 CP < GR
 ^Statistical difference between the CP group and the equivalent group from General Roca, analysed using 
a Mann-Whitney U-Test (p = probability level; n = number of samples In group; Med = median; Min = 
minimum; Max. = maximum; dw = dry weight.
4.6 Correlation between Arsenic in Drinking W ater and Bioiogical Samples
Biological matrices can be used as markers for element exposure when a correlation 
exists between the element levels in the biological samples and those in the exposure 
pathway. Positive correlations between arsenic levels in hair/fingernails/toenails and 
those in drinking water have previously been reported in several studies (Table 4.17).
Within this study hair, fingernail and toenail samples from four regions with different 
arsenic exposure levels have been analysed. Due to the presence of arsenic 
concentrations below the detection limit, mean values could not be calculated for all 
locations. Therefore, correlations have been calculated using the median arsenic 
values from each location (Tables 4.18 & 4.19). Arsenic exposure levels in water 
increase in the following order Copahue-Caviahue < General Roca < Los Menucos < 
Eduardo Castex. The same order is observed for increasing arsenic concentrations in 
fingernail and toenail samples (Table 4.18). However, lower arsenic levels are 
observed in hair compared to nails, thus Copahue-Caviahue and General Roca both 
have median arsenic levels below 0.05 mg/kg Asy for hair. In all subsequent 
calculations of product moment correlation coefficients (section 2.8.5) a value of 0.05 
mg/kg Asy has been used where median values are below the detection limit (< 0.05 
mg/kg Asy).
A positive relationship was observed for all three biological sample matrices 
(hair/fingernail/toenail) with arsenic levels in water (Fig. 4.1). A statistically significant 
linear relationship exists between arsenic levels in water and fingernails (r = 0.9743, p 
< 0.05). However, a statistically significant relationship does not exist between water
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and hair or toenails, despite high correlation coefficients (rp = 0.894 and 0.938, 
respectively). This may be due to the low number of values (n = 4) used in the 
statistical analysis. However, the median arsenic concentration for hair and toenails 
does increase as the arsenic exposure level increases (Table 4.18). Furthermore, 
Mann-Whitney U-Tests showed a significantly higher distribution of arsenic (p < 0.01) 
in all biological sample types from the high exposure regions (EC and LM) compared to 
the low exposure regions (GR and CP) (Table 4.19).
Table 4.17: Reported correlations (Spearman and Pearson) between arsenic in 
hair/fingernail/toenail samples and arsenic in drinking water from different countries.
Country , _ Correlation Coefficient Sample Type Significance
(P)
Reference
Australia Hair O.49S - Hinwood et al. 2003
Cambodia Hair 0.86° < 0.0001 Gault et al. 2008
Pakistan Hair 0.76^ <0.01 Kazi et al. 2009
Vietnam Hair 0.82^ <0.05 Nguyen et al. 2009
Cambodia Fingernails 0.74° < 0.0001 Gault et al. 2008
Chile Fingernails 0.76^ - Martinez et al. 2004
Australia Toenails 0.55° - Hinwood et al. 2003
USA Toenails 0 :73b < 0.0001 Adair et al. 2006
USA Toenails 0 .65b < 0.001 Karagas et al. 2000
 ^Ts -  Spearman rank correlation coefficient; 
probability level.
b rp -  Product moment (Pearson ) correlation coefficient; p =
Table 4.18: Median arsenic levels in water, hair, fingernail and toenail samples from 
each of the four sampling locations in Argentina.
Location Water Hair Fingernail Toenail
(pg/l Asy) (mg/kg Asy, dw) (mg/kg Asy, dw) (mg/kg Asy, dw)
Copahue -  
Caviahue 0.93 < 0.05 <0.05 0.06
General Roca 2.5 <0.05 0.12 0.19
Los Menucos 23.1 0.12 0.25 0.61
Eduardo Castex 89.0 0.15 0.48 0.98
dw = dry weight.
A positive correlation between arsenic in drinking water and arsenic in hair samples 
was also observed by Concha et al. (2006) in the province of Salta (north Argentina). 
Concha et al. (2006) measured arsenic levels in hair from women (adults) in three 
different regions of the Salta Province: Rosario de Lerma, Puna villages and San 
Antonio de los Cobres. The highest arsenic exposure in drinking water was found at 
San Antonio de los Cobres (range: 107 -  229 pg/l Asy), and the highest arsenic levels 
in hair were also reported in this region (range: 0.52 -  1.25 mg/kg Asy). Arsenic 
exposure levels increased in the order Rosario de Lerma < Puna < San Antonio de los 
Cobres. The same order was also found for arsenic levels in hair: Rosario de Lerma
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(median: 0.033 mg/kg Asj) < Puna (median: 0.16 mg/kg Asj) < San Antonio de los 
Cobres (median: 0.65 mg/kg Asj).
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Fig. 4.1: The correlation (Pearson) between median arsenic levels in water and the 
median arsenic levels in biological samples: hair, fingernails and toenails from four 
locations in Argentina.
Table 4.19: Product moment (Pearson) correlation coefficient (rp) for each biological 
matrix (hair/fingernail/toenail) compared to the median arsenic level in water from each 
region, and the significant difference (Mann-Whitney U-Test) between the high 
(Eduardo Castex and Los Menucos) and low (General Roca and Copahue-Caviahue) 
exposure regions.
Sample
Type
Product moment (Pearson) 
correlation coefficient Mann-Whitney U-Test
r2 Relationship
Hair
Fingernail
Toenails
0.894
0.974
0.938
0.7996
0.9493
0.8802
> 0.05 
< 0.05
> 0.05
H 165; 
H 184; 
H85;
L105 <0.01
L118 <0.01
L111 <0.01
High > Low 
High > Low 
High > Low
* Statistical difference between arsenic levels in biological samples (hair/fingernail/toenail) from high and 
low exposure groups, analysed using a Mann-Whitney U-Test (p = probability level); n = number of 
samples/values in group; H = high exposure group; L = low exposure group.
In order to evaluate the correlation between arsenic in drinking water and arsenic levels 
in biological samples further, it would be necessary to collect drinking water samples as 
well as biological samples from each individual study participant. This would allow a 
more detailed evaluation of the correlations observed within this study to be conducted. 
Although positive correlations have been observed for fingernails (p < 0.05), increasing 
the number of data points may disprove the correlation found within this study or may
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allow correlations to be made with a higher degree of confidence for all biological 
sample types.
4.7 Correlation between Arsenic Levels in Different Bioiogical Sample Types
Several studies have used hair, fingernail and/or toenail samples as biomonitors for 
arsenic exposure via drinking water or other pathways (e.g. Chiou et al., 1997; Brima et 
al., 2006; Gault et al., 2008). However, limited information is actually available on the 
correlation between arsenic levels in each of these three biological sample types. 
Positive correlations between arsenic levels in hair and nails may occur due to the 
similarity in their chemical structure. Both hair and nails contain keratin, a fibrous- 
protein with high sulphur content. Arsenic, and other trace elements, can bind to the 
sulphur groups thus removing them from the influence of metabolic processes and this 
can be considered as a minor-excretory pathway (Slotnick & Nriagu, 2006; Srogi, 2006; 
Hill, 2009).
Harrington et al. (1978) found a poor correlation between hair and nail arsenic levels in 
subjects in Alaska exposed to arsenic via drinking water. In contrast, Vance et al. 
(1988) found a positive correlation between arsenic levels in hair and fingernail 
samples from an unexposed population in the USA. The variation found between these 
two studies may result from differences in sample preparation, and external 
contamination levels. Hair samples are more vulnerable to external contamination with 
trace elements than nail samples, due to washing with contaminated water and dust 
accumulation (Wilhelm et al., 2005). No method for washing the hair or nail samples 
was mentioned by Harrington et al. (1978), therefore some of the hair samples may 
have high arsenic levels due to external contamination. Vance et al. (1988), on the 
other hand, used the washing method recommended by the International Atomic 
Energy Association (IAEA), using acetone and water, thus reducing variations in 
arsenic levels caused by external contamination. The same washing method was used 
in this study.
The arsenic levels in the hair, fingernail and toenail samples measured in this study are 
not normally distributed. Therefore, a non-parametric test (Spearman rank correlation) 
was conducted as outlined in section 2.8.6. The correlations were calculated across all 
locations using pairs of samples (e.g. hair and fingernail) from the same subject. A 
positive correlation was found between each of the sample types (Table 4.20). The 
weakest correlation was observed between hair and fingernail samples (rg = 0.485, p < 
0.01), and the strongest correlation was found between fingernail and toenail samples 
(rg = 0.698, p < 0.01). Correlations were also calculated for two groups of samples: high 
arsenic exposure (Eduardo Castex and Los Menucos) and low arsenic exposure 
(General Roca and Copahue-Caviahue). The significant correlations between all
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sample types were maintained in the low exposure group (Table 4.20). However, in the 
high exposure group no significant correlation was observed between hair and 
fingernail samples (Table 4.20). For all three groups the strongest correlation occurred 
between fingernail and toenail samples (Table 4.20). This may have occurred due to 
the lower risk of external contamination for nails compared to hair, thus reducing 
variation between sample types.
Table 4.20: Spearman rank correlation coefficient (rg) for the comparison of arsenic 
levels in washed hair (H), fingernail (FN) and toenail (TN) samples from all locations 
within this study (Whole), from the high exposure group (Eduardo Castex and Los 
Menucos) and low exposure group (General Roca and Copahue-Caviahue).
Correlation Group
Spearman rank correlation coefficient
n rs P
Whole 262 0.485 <0.01
H vFN High Exposure 161 0.102 0.199
Low Exposure 101 0.396 <0.01
Whole 190 0.616 <0.01
H vTN High Exposure 83 0.496 <0.01
Low Exposure 107 0.305 < 0.01
Whole 165 0.698 <0.01
FNvTN High Exposure 68 0.679 <0.01
Low Exposure 97 0.531 <0.01
n = number of samples in group; p = probability level.
4.8 influence of Cofactors on Arsenic Levels
Arsenic levels in biological samples can be influenced by factors such as gender, age, 
smoking, diet and health (Arain et al., 2009; Kazi et al., 2009; Sthiannopkao et al., 
2010). Within this study the impact of gender, age and smoking on arsenic levels in 
hair, fingernail and toenail samples has been evaluated. The influence of health, 
namely type-2 diabetes, will be discussed in detail in Chapter 5.
The arsenic levels in the hair, fingernail and toenail samples measured in this study are 
not normally distributed. Therefore, non-parametric tests (Mann-Whitney U-test) were 
conducted as outlined in section 2.8.4. Throughout the following sections the data will 
be considered in two groups: high arsenic exposure (Eduardo Castex and Los 
Menucos) and low arsenic exposure (General Roca and Copahue-Caviahue). To 
reduce the potential influence from participants with health disorders, only healthy 
participants were included in the evaluation of cofactors.
4.8.1 Influence o f gender
Gender had no significant influence on the arsenic levels for fingernails or toenails in 
either the low or high exposure groups (Table 4.21). On the other hand, the influence of
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gender on arsenic levels in hair varied between the two exposure groups. No influence 
from gender was found for hair samples from the high exposure group (p = 0.578). 
However, for the low exposure group males had a significantly higher distribution of 
arsenic in hair samples than females (p < 0.05). This difference may have occurred 
due to the large number of females from Copahue-Caviahue compared to males (80.0 
% female). The region of Copahue-Caviahue had extremely low levels of arsenic in hair 
samples (93.3 % < 0.05 mg/kg Asj), and this may have skewed the arsenic distribution 
for females. The comparison was subsequently conducted using only samples from 
General Roca, and the arsenic levels in male hair samples remained higher than those 
in female hair samples (p < 0.05).
In agreement with the findings from this study, Chiou et al. (1997), Mandai et al. (2003) 
and Hinwood et al. (2003) all found lower arsenic levels in hair from female study 
participants compared to male participants. However, Agusa et al. (2006), Saad & 
Hassanien (2001) and Sthiannopkao et al. (2010) found no statistical difference 
between arsenic levels in hair from male and female participants. A large difference in 
reported data has also occurred for fingernails: Mandai et al. (2003) found higher mean 
arsenic levels in fingernail samples from females compared to males (p < 0.004). In 
contrast, Martinez et al. (2004) found lower arsenic levels in fingernail samples from 
females compared to males. Furthermore, within this study no statistical difference was 
found for fingernail samples.
Table 4.21: Arsenic levels (median, minimum and maximum) in washed hair, fingernail 
and toenail samples from healthy males and females in low arsenic exposure (General 
Roca and Copahue-Caviahue) and high arsenic exposure (Eduardo Castex and Los 
Menucos) regions, and the statistical difference between males and females (Mann- 
Whitney U-Test).
Sample
Type Gender
Arsenic Concentration 
(m g/kg A st , dw)
Mann-Whitney U-Test*
n Med. Min. Max. P Relationship
Hair M 31 0.05 <0.05 0.13 <0.05 M> F
Low F 67 <0.05 <0.05 0.24
Exposure
(GR& Fingernail
M
F
29
59
0.12
0.10
<0.05
<0.05
0.43
2.84 0.518 no difference
CP)
Toenail MF
28
64
0.21
0.17
<0.05
<0.05
5.71
4.06 0.613 no difference
High
Hair MF
48
74
0.14
0.12
<0.05
<0.03
2.51
2.60 0.578 no difference
Exposure
(EC& Fingernail
M
F
49
62
0.52
0.45
<0.20
<0.12
6.40
10.7 0.458 no difference
LM)
Toenail MF
21
36
0.72
0.95
0.36
0.23
13.8
5.71 0.791 no difference
^Statistical difference between arsenic levels in biological samples (hair/fingernail/toenail) from males
(M) and females (F), analysed using a Mann-Whitney U-Test (p = probability level); n = number of
samples in group; Med = median; Min = minimum; Max. = maximum; dw = dry weight.
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The findings from this study, and others, suggests that the influence of gender on 
arsenic levels in hair, fingernail and toenail samples is itself dependent upon other 
factors. Reported differences in arsenic concentrations between males and females, in 
some studies, have been attributed to variations in occupation. Nguyen et al. (2009) 
found that arsenic levels in hair of females correlated with water arsenic levels, 
whereas no correlation was observed for males. It was suggested that the variation 
occurred because the local male population typically worked outside of the village and 
may, therefore, be exposed to different arsenic levels than females. A similar 
observation was made by Chiou etal. (1997).
4.8.2 Influence o f age
The influence of age was evaluated using two age groups: children/adolescents (< 20 
years old) and adults (> 20 years old). The influence of age on arsenic levels in hair, 
fingernail and toenail samples varied between sample type and exposure level. Age 
had no significant influence on the levels of arsenic in hair samples from the low 
exposure group, whereas in the high exposure group arsenic levels were significantly 
higher (p < 0.01) in participants under the age of 20 years (Table 4.22). A similar 
observation was made by Concha et al. (2006) in the Salta Province (north Argentina). 
Higher median arsenic levels were reported in hair samples from children ( 3 - 1 5  
years) compared to female adults in both the low exposure and high exposure regions. 
However, the difference was more significant in the high exposure region (children 
median: 1.75 mg/kg Asy, adults median: 0.65 mg/kg Asy). Hinwood et al. (2003) and 
Saad & Hassanien (2001) also reported significantly higher arsenic levels in hair 
samples from children compared to adults. These differences were attributed to a 
higher sensitivity of children to environmental pollution and may indicate a higher 
amount of external contamination on hair samples from children.
In this study, the majority of children in the low exposure group were from General 
Roca (n = 72), rather than Copahue-Caviahue (n = 2). Soils from areas surrounding 
General Roca contain 3.7 to 6.5 mg/kg Asy (dw) and sediments in the rio Negro have 
been found to contain 2.1 to 8.5 mg/kg Asy (dw) (Hill, 2009; O’Reilly, 2010). 
Uncontaminated soils typically contain 1 to 40 mg/kg Asy and sediments usually 
contain below 10 mg/kg Asy (Mandai & Suzuki, 2002). The levels in soils/sediments 
around General Roca, can therefore be considered normal to low. Higher arsenic levels 
have been reported in soils/sediments (range: 4.6 -  24.6 mg/kg Asy dw) from La 
Rampa (Smedley et al., 2005; O’Reilly, 2010). Information is not available for arsenic 
levels in soils/sediments from the area surrounding Los Menucos. The higher 
environmental level of arsenic in Eduardo Castex (representative of the high exposure 
region) compared to General Roca (representative of the low exposure region) may
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lead to a higher amount of external arsenic contamination on hair samples from 
children. This, in turn, may lead to the significant difference observed between adults 
and children in the high exposure region.
Table 4.22: Arsenic levels (median, minimum and maximum) in washed hair, fingernail 
and toenail samples from healthy children/adolescents (< 20 yrs) and adults (> 20 yrs) 
in low arsenic exposure (General Roca and Copahue-Caviahue) and high arsenic 
exposure (Eduardo Castex and Los Menucos) regions, and the statistical difference 
between children/adolescents and adults (Mann-Whitney U-Test).
Group SampleType
Age
(yrs)
Arsenic Concentration 
(mg/kg As?, dw)
Mann-Whitney U-Test*
n Med. Min. Max. P Relationship
Low
Hair <20  > 20
74
24
<0.05  
< 0.05
<0.05
<0.05
0.24
0.13 0.350
no difference
Exposure
(GR& Fingernail
<20  
> 20
64
24
0.12
0.05
<0.05
<0.05
2.84
0.48
<
0.05 children > adult
CP)
Toenail <20  > 20
67
25
0.19
0.13
<0.05
<0.05
5.71
2.88 0.485 no difference
High
Exposure 
(EC & LM)
Hair
Fingernail
<20  
>20  
<20  
> 20
61
59
53
56
0.15
0.09
0.41
0.66
<0.07  
<0.03  
< 0.17 
0.05
2.60
1.52
3.14
10.7
<
0.01
<
0.01
children > adult 
children < adult
Toenail <20  > 20
35
21
0.74
0.98
0.23
0.36
13.8
4.10 0.195 no difference
* Statistical difference between arsenic levels in biological samples (hair/fingernail/toenail) from
children/adolescents (< 20 yrs) and adults (> 20 yrs), analysed using a Mann-Whitney U-Test (p = 
probability level); n = number of samples in group; Med = median; Min = minimum; Max. = maximum; 
dw = dry weight..
In contrast to the data found in this study. Mandai et al. (2003) found lower arsenic 
levels in hair samples from participants under the age of 10 compared to those over 10 
years old (p < 0.0001). Furthermore, Agusa et al. (2006) and Sthiannopkao et al. 
(2010) found that age did not significantly influence the level of arsenic in hair samples.
The influence of age on arsenic levels in fingernail samples also varied between the 
two exposure groups. In the low exposure group children/adolescents (< 20 yrs) were 
found to have a significantly higher distribution (p < 0.05) of arsenic in fingernail 
samples compared to adults (> 20 yrs). In contrast, in the high exposure group adults 
were found to have significantly higher (p < 0.01) arsenic levels in fingernail samples 
than children/adolescents (Table 4.22). This is in contrast to the data found for hair 
arsenic levels. Furthermore, no significant difference was found for toenail arsenic 
levels between adults and children in either exposure group.
Information on the influence of age on arsenic levels in nail samples is scarce. 
However, Hinwood et al. (2003) reported the highest arsenic levels in toenail samples 
from subjects in the studies lowest age group ( 1 - 1 2  yrs). Similarly, Wickre et al.
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(2004) found that arsenic levels in fingernails, in a gold-mining community, was 
inversely related to age and on average the highest arsenic levels were found in 
children under the age of 10 (p < 0.0001).
As previously observed for gender, no uniform conclusions can be drawn for the 
influence of age on arsenic levels in hair, fingernail or toenail samples. This suggests 
that the influence of age is dependent on other factors.
4.8.3 Influence o f smoking
In general no statistical difference was found for arsenic levels in hair, fingernail or 
toenail samples from smokers or non-smokers in either exposure group (Table 4.23). 
Although no statistical difference was observed slightly higher median arsenic levels 
were found in fingernail and toenail samples from smokers compared to non-smokers, 
from both exposure groups (Table 4.23). This is in agreement with previous research. 
Chiou at al. (1997) and Hinwood at al. (2003) found no statistical difference in arsenic 
levels in hair or toenails from smokers or non-smokers. On the other hand, Karagas at 
al. (2001), Saad & Hassanien (2001) and Arain at al. (2009) reported that smoking 
slightly increased the level of arsenic in biological samples.
Table 4.23: Arsenic levels (median, minimum and maximum) in washed hair, fingernail 
and toenail samples from smokers and non-smokers in low arsenic exposure (General 
Roca and Copahue-Caviahue) and high arsenic exposure (Eduardo Castex and Los 
Menucos) regions, and the statistical difference between smokers and non-smokers 
(Mann-Whitney U-Test).
Group SampleType Smoker?
Arsenic Concentration 
(m g/kg A st , dw)
Mann-Whitney U-Test*
n Med. Min. Max. P Relationship
Low
Hair YesNo
19
69
<0.05
<0.05
<0.05
<0.05
0.07
0.24 0.192 no difference
Exposure
(GR& Fingernail
Yes
No
17
60
0.13
0.11
<0.05
<0.05
0.48
2.4 0.725 no difference
CP)
Toenail YesNo
18
62
0.28
0.16
<0.05
<0.05
2.85
5.71 0.400 no difference
Hair YesNo
25
34
0.08
0.12
0.05
<0.05
0.17
0.56
<
0.05 No > Yes
High
Exposure Fingernail
Yes
No
25
28
0.40
0.28
<0.2
<0.2
10.7
6.32 0.236 no difference
(EC&
LM) Toenail
Yes
No
3
22
0.72
0.56
0.43
0.36
0.86
2.07 0.723 no difference
Hair
(adult)
Yes
No
20
11
0.08
0.08
0.05
<0.05
0.17
0.56 0.984 no difference
* Statistical difference between arsenic levels in biological samples (hair/fingernail/toenail) from
smokers and non-smokers, analysed using a Mann-Whitney U-Test (p = probability level); n = number
of samples in group; Med = median; Min = minimum; Max. = maximum; dw = dry weight.
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A statistically higher level of arsenic was found in hair samples from non-smokers in 
the high exposure region compared to smokers. A large number of non-smokers in this 
group were below the age of 20 (67.6 %) and it has been shown that participants under 
the age of 20 from this group had a higher level of arsenic in their hair samples 
compared to adults (section 4.8.2). If participants under the age of 20 are excluded, no 
significant difference between smokers and non-smokers is observed (p = 0.984).
4.9 Trace Element Levels
Vanadium, uranium and selenium all displayed positive correlations (Pearson) with 
arsenic in water across all four locations (V & U: p < 0.01). Strong positive correlations 
with arsenic were also observed for vanadium and uranium in water samples from 
Eduardo Castex, Los Menucos and General Roca (section 3.5). Correlations were not 
calculated for drinking water from Copahue-Caviahue due to the low uranium and 
vanadium levels in the water. However, positive correlations were found between 
arsenic and vanadium along the rio Agrio (section 3.5). Positive correlations between 
arsenic and vanadium have also been reported in water samples from several 
provinces of Argentina, including La Pampa (Smedley et al., 2002), Santiago del Estero 
(Bundschuh at al., 2004; Bhattacharya at al., 2006), Buenos Aires (Blanco at al., 2012) 
and Tucuman (Nicolli at al., 2012^). Furthermore, positive correlations have also been 
reported between arsenic and uranium (Smedley at al., 2002; Bundschuh at al., 2004; 
Nicolli at al., 2012^), as well as between arsenic and selenium (Nicolli at al., 2012^).
Vanadium and uranium are of particular interest in this study due to the elevated levels 
recorded at Eduardo Castex (V and U) and Los Menucos (V only). No guideline limit for 
vanadium in drinking water has currently been set by the World Health Organisation 
(WHO). However, ingestion of high levels of vanadium is a potential health risk and the 
California Office of Environmental Health Hazard Assessment has proposed a 
notification level of 15 pg/l V for drinking water (Gerke at al., 2010). Vanadium levels 
were higher than the notification level of 15 pg/l V in all water samples from Los 
Menucos (range: 39.4 -  230 pg/l V) and Eduardo Castex (range: 1 1 0 - 1 5 7 1  pg/l V). 
The WHO has set a guideline limit of 15 pg/l for uranium in drinking water (WHO, 
2008). Approximately 59 % of the water samples from Eduardo Castex contained 
levels greater than 15 pg/l U (range: < 0.0005 -  129 pg/l U).
Significantly higher levels of vanadium were found in hair, fingernail and toenail 
samples from participants in Eduardo Castex and Los Menucos when compared to the 
control region of General Roca (p < 0.01). Furthermore, significantly higher levels of 
uranium were found in hair, fingernail and toenail samples from participants in Eduardo 
Castex when compared to the control region of General Roca.
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Positive correlations with arsenic were observed for vanadium and uranium in hair, 
fingernail and toenail samples across all four sampling locations (p < 0.01). This 
positive relationship may occur due to the similar exposure patterns in water: Copahue- 
Caviahue < General Roca < Los Menucos < Eduardo Castex. However, the 
relationship between arsenic and vanadium/uranium at individual sampling locations 
varied (Table 4.24).
Positive correlations also occurred between arsenic and selenium in hair, fingernail and 
toenail samples across all four locations (Table 4.24). This follows a similar pattern to 
vanadium and uranium and the positive relationship with arsenic is most likely to have 
occurred due to the similar exposure patterns in water. The highest selenium levels in 
water, hair, fingernail and toenail samples were observed in Eduardo Castex. However, 
the selenium levels in water from Eduardo Castex were below the WHO limit of 10 pg/l 
Se in 94.1 % of the water samples (range: < 0 . 7 - 1 1 . 4  pg/l Se).
Table 4.24: Statistical correlations (Spearman rank) between arsenic and vanadium/ 
uranium/selenium in hair, fingernail and toenail samples and statistical correlations 
(Pearson) between arsenic and vanadium, uranium and selenium in water, from all 
locations, as well as individual locations: Eduardo Castex (EC), General Roca (GR), 
Los Menucos (LM) and Copahue-Caviahue (CP). NB. No water correlations have been 
calculated for Copahue-Caviahue due to the low levels of trace elements in the sampled drinking water.
Group
Sample V U Se
Type r P r P r P
Water 48 0.824 <0.01 0.642 < 0.01 0.247 0.091
All Hair 220 0.583 <0.01 0.583 <0.01 0.345 <0.01
Locations Fingernail 199 0.453 <0.01 0.460 <0.01 0.606 <0.01
Toenail 149 0.657 < 0.01 0.501 <0.01 0.462 <0.01
Water 17 0.753 <0.01 0.509 <0.01 - 0.370 0.143
Hair 88 0.491 <0.01 0.481 < 0.01 0.051 0.640
EC
Fingernail 83 - 0.067 0.549 0.003 0.978 0.438 <0.01
Toenail 33 0.587 <0.01 0.032 0.859 0.228 0.202
Water 16 0.808 <0.01 0.715 < 0.01 0.420 0.105
Hair 83 - 0.039 0.723 0.161 0.146 0.174 0.116
GR
Fingernail 74 0.005 0.968 - 0.444 <0.01 0.390 <0.01
Toenail 77 0.339 <0.01 -0.168 0.145 0.190 0.098
Water 11 0.896 <0.01 0.582 0.060 0.310 0.354
Hair 34 0.221 0.210 0.328 0.058 0.049 0.783
LM
Fingernail 28 0.462 <0.05 - 0.640 <0.01 0.723 <0.01
Toenail 24 0.471 <0.05 0.237 0.265 - 0.044 0.840
Hair 15 0.435 0.105 0.372 0.172 -0.127 0.651
CP Fingernail 14 0.223 0.444 0.246 0.397 0.506 0.065
Toenail 15 0.285 0.303 0.491 0.063 - 0.261 0.348
n = number of samples in group; r = correlation coefficient (water -  
Hair/Fingernail/Toenail -  Spearman); p = probability level.
Pearson;
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Correlations with arsenic in biological samples did occur for manganese, iron and zinc. 
However, correlations varied significantly between location and sample type (Appendix: 
Table C3). Furthermore, no trends were observed with exposure level. Variations in 
trace element trends may occur between locations and sample types due to differences 
in water chemistry (pH, redox etc). This could impact the type of chemical species 
present (e.g arsenate or arsenite) and may influence the metabolism of the element, 
the interaction that occurs with biological mechanisms or it may influence the affinity of 
the element for sulphur groups in keratin-rich hair or nails. Further differences may 
occur due to variations in ethnicity, metabolism or diet (e.g. Brima et al., 2006; Navas- 
Acien et al., 2011). However, further analysis would be required to elucidate the impact 
of each of these factors.
4.10 Summary
The findings from this study have highlighted significant differences in arsenic levels in 
hair, fingernail and toenail samples from residents of four locations in Argentina: 
Eduardo Castex (La Pampa), General Roca (Rio Negro), Los Menucos (Rio Negro) 
and Copahue-Caviahue (Neuquén). Table 4.25 summarises the arsenic levels 
recorded at each location. Due to the skewed-distribution of arsenic levels in hair, 
fingernail and toenail samples non-parametric tests were conducted to calculate 
significant differences (Mann-Whitney U-Test) and correlations (Spearman rank 
correlation) between groups of results (e.g. comparing hair data from General Roca 
and Eduardo Castex). Furthermore, in order to conduct statistical tests, samples with 
arsenic levels below the detection limit were assigned an arsenic concentration of half 
the detection limit value (Hinwood et al., 2003). Therefore, statistical results are 
considered to be an estimation of the reported significant differences and correlations.
Arsenic levels in washed hair (range: < 0.05 -  0.33 mg/kg Asy), fingernail (range: < 
0.05 -  2.84 mg/kg Asy) and toenail (range: < 0.06 -  5.71 mg/kg Asy) samples from the 
control region of General Roca were generally within the typical range of arsenic levels 
for people unexposed to arsenic (Hindmarsh, 2000; Mazumder, 2000). Significantly 
lower arsenic levels (probability, p < 0.05) were found in washed hair (range: < 0.05 -  
0.15 mg/kg Asy), fingernail (range: < 0.05 -  0.09 mg/kg Asy) and toenail (range: < 0.05 
-  1.67 mg/kg Asy) samples from participants in Copahue-Caviahue. Residents in 
Copahue are seasonal workers at the Copahue Spa. During the winter months most 
participants live in Loncopue, approximately 60 km away. Residents in Copahue and 
Caviahue were exposed to very low levels of arsenic in drinking water (range: < 0.20 -  
0.98 pg/l Asy). However, high arsenic levels are present in the local river system (rio 
Agrio: < 0.20 -  359 pg/l Asy). The low levels found in hair, fingernail and toenail 
samples from residents of Copahue-Caviahue, suggests that the environmental
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exposure to arsenic had minimal impact on the arsenic levels in these biological 
samples.
Table 4.25: Summary of arsenic levels (median and range) in washed hair, fingernail 
and toenail samples from participants in General Roca (Rio Negro), Los Menucos (Rio 
Negro), Eduardo Castex (La Pampa) and Copahue-Caviahue (Neuquén).
Hair 
(mg/kg Asy, dw)
Fingernaii 
(mg/kg Asy, dw)
Toenaii 
(mg/kg Asy, dw)
Median Range Median Range Median Range
General Roca <0.05 < 0.05-0.33 0.12 < 0.05 -  2.84 0.19 <0.06-5.71
Los Menucos 0.12 0.05 -  0.47 0.25 <0.2-0.61 0.61 0.23-1.62
Eduardo Castex 0.15 < 0.03 -  4.24 0.48 <0.05-10.7 0.98 0.09-13.8
Copahue-Caviahue <0.05 <0.05-0.15 <0.05 <0.05-0.09 0.06 <0.05-1.67
dw = dry weight.
In contrast, a significantly higher level of arsenic (p < 0.01) in washed hair, fingernail 
and toenail samples from residents in Los Menucos (Rio Negro) and Eduardo Castex 
(La Pampa) was recorded, in comparison to General Roca (Rio Negro) (Table 4.25). 
High arsenic levels are present in the ground water in Eduardo Castex (range: 24.9 - 
946 pg/l Asj) and Los Menucos (range: 9.33 -  35.8 pg/l Asy). Similar elevations in 
arsenic levels in hair samples from subjects in a region of Argentina with high arsenic 
exposure levels (San Antonio de los Cobres, Salta Province) have also previously been 
reported (Concha et al., 2006).
Positive correlations (Pearson) were observed between median arsenic levels in water 
from each of the four locations and the median arsenic levels in each of the three 
washed sample types (hair, fingernail, toenail). This was in agreement with the 
significant differences (p < 0.01) found between arsenic levels in hair, fingernail and 
toenail samples from the low exposure (General Roca and Copahue-Caviahue) and 
high exposure (Eduardo Castex and Los Menucos) regions. Furthermore, across all 
locations statistically significant positive correlations (Spearman Rank) were found 
between arsenic levels in each of the biological sample types (p < 0.01). Positive 
correlations (Spearman Rank: p < 0.01) were also found in washed hair, fingernail and 
toenail samples between arsenic and vanadium, uranium and selenium. The 
correlations occurred across all of the sample locations and are most likely due to the 
similarity in exposure levels with the highest levels of As, V, U and Se found in water, 
hair, fingernail and toenail samples from Eduardo Castex. However, the correlations 
varied at each sample location. These variations could occur due to differences in a 
range of factors including, water chemistry, ethnicity, and diet (e.g. Brima et al., 2006; 
Navas-Acien et al., 2011).
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Mann-Whitney U-Tests were used to evaluate the influence of three co-factors (gender, 
age and smoking) on the levels of arsenic in washed hair, fingernail and toenail 
samples from healthy populations. Gender and smoking habit had no significant 
influence (p > 0.05) on the level of arsenic in any of the biological sample types. The 
only exception to this was the influence of gender on arsenic levels in washed hair from 
participants in the low exposure group. Within this group men had statistically higher 
arsenic levels (p < 0.05) in hair samples compared to females.
Statistical differences were observed between children/adolescents (< 20 yrs) and 
adults (> 20 yrs). However, the influence of age varied with sample type and arsenic 
exposure group. No statistically significant difference was found for arsenic levels in 
toenail samples from either the low or high exposure group. Similarly, no difference 
was found between arsenic levels in hair samples from children/adolescents and adults 
in the low exposure group. Whereas, in the high exposure group, children/adolescents 
had statistically higher arsenic levels (p < 0.01) in hair samples compared to adults. 
Furthermore, contrasting data was found for fingernail samples from each exposure 
group. In the low exposure group children/adolescents had higher arsenic levels in their 
fingernail samples (p < 0.05), whereas in the high exposure group adults had higher 
arsenic levels in their fingernail samples (p < 0.01). Contradictory results have been 
reported for each of the above factors (gender, age and smoking) in previous research 
(e.g. Chiou etal., 1997; Saad & Hassanien, 2001; Hinwood etal., 2003). The data from 
this study, and from previous research, highlights that the influence of co-factors on 
arsenic levels in hair, fingernail and toenail samples is complex and varies between 
populations.
In conclusion, arsenic levels in washed hair, fingernail and toenail samples positively 
correlate with arsenic levels in the drinking water. The influence of co-factors on 
arsenic levels in washed hair, fingernail and toenail samples from healthy populations 
is complex and contradictory data is reported within published research (e.g. Chiou et 
al., 1997; Saad & Hassanien, 2001; Hinwood etal., 2003). The highest arsenic levels in 
each of the three sample types were observed in Eduardo Castex (La Pampa). Due to 
the high arsenic levels in both the water^and-bioloqical samples, residents from 
Eduardo Castex were selected to participate in the ‘type-2 diabetes’ study. The 
influence of type-2 diabetes on arsenic levels in hair, fingernail, toenail, urine, whole 
blood and blood serum samples is discussed in Chapter 5.
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Chapter 5: Arsenic Exposure and Type-2 Diabetes
5.0 Introduction
Elevated prevalence, incidence and mortality rates for type-2 diabetes have been 
observed in areas with high arsenic exposure through drinking water (e.g. Tseng et al., 
2000; Meliker et al., 2007). Furthermore, a dose-response relationship between the 
prevalence of type-2 diabetes and arsenic exposure has been reported in Taiwan and 
Bangladesh (Lai et al., 1994; Rahman et al., 1998). However, in regions with low 
arsenic levels in drinking water no relationship has been reported between arsenic 
exposure and the prevalence of type-2 diabetes (Lewis et al., 1999; Makris et al., 
2012). The potential mechanisms for arsenic-induced type-2 diabetes are discussed in 
detail in section 1.5.2.
Several studies have evaluated the possible relationship between arsenic levels in 
biological matrices and the occurrence of type-2 diabetes. Urine is most commonly 
used and some studies have reported a positive relationship between total arsenic 
levels in urine and the occurrence of type-2 diabetes (Coronado-Gonzalez et al., 2007; 
Afridi et al., 2008; Navas-Acien et al., 2008; Kim & Lee, 2011). In contrast, Ruiz- 
Navarro et al. (1998) and Chen et al. (2010) reported no significant difference between 
the total arsenic levels in diabetic and non-diabetic study participants, in low to medium 
arsenic exposure regions.
Table 5.1: Literature values for arsenic concentrations in biological samples (hair, 
fingernail, toenail, urine, whole blood and blood serum) from patients with type-2 
diabetes and healthy controls.
Sample Type Healthy Range Diabetic Range References
Hair (mg/kg) <0.01-1 .7 1 .4-3 .3 Afridi et al. 2008; Nguyen et al. 2009
Fingernails (mg/kg) 0.05-3.6 - Martinez et al. 2004; Brima et al. 2006
Toenails (mg/kg) 0.07 -  0.28 - Garland etal. 1993; Button etal. 2006 
Ruiz-Navarro etal. 1998; Brima etal.
Urine (pg/l) 0.4 -  375 0.32-192 2006; Heitland & Kôster 2006®; Wang et 
al. 2009
Whole Blood (pg/l) 0.13-17.8 1.9-4 .2 Goullé et al. 2005; Heitland & Kôster 2006^; Afridi et al. 2008
Blood Serum (pg/l) <0.03-15.4 0.24-1.4 Iyengar & Woittiez 1988; Forrer et al.2001; Rodriguez Flores etal. 2011
Afridi et al. (2008) also recorded arsenic levels in scalp hair and whole blood from 
diabetic and non-diabetic individuals from two groups: smokers and non-smokers. The 
arsenic levels in scalp hair were elevated in diabetic participants from both the smoking 
and non-smoking groups. Total arsenic levels in urine and whole blood were also 
slightly elevated. However, the difference was only significant in the smoking sub­
group.
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Despite continuing research there is still limited information available on arsenic levels 
in biological samples from patients with type-2 diabetes. Furthermore, no reports have 
been found regarding a relationship between type-2 diabetes and arsenic in South 
America, with particular reference to areas of high arsenic exposure, such as Chile and 
Argentina. This study provides arsenic levels for biological samples, namely hair, 
fingernails, toenails, urine, whole blood and blood serum, from participants with type-2 
diabetes (T2D) and healthy control participants (ND). Water samples from Eduardo 
Castex have been evaluated as part of this study (section 3.3) and this area has been 
highlighted as an area with elevated arsenic exposure levels. Eduardo Castex was, 
therefore, selected for the ‘type-2 diabetes' study. The results from this study are 
outlined in sections 5.3 to 5.7.
5.1 Study Population
The ‘type-2 diabetes’ study was conducted in Eduardo Castex (La Pampa). This region 
has elevated levels of arsenic in the drinking water (section 3.3). Typical arsenic levels 
in Eduardo Castex reported within this study range from 24.9 to 946 pg/l Asj (Table 
5.2). O’Reilly (2010) also recorded elevated arsenic levels in rural wells (range: 33 -  
1128 pg/l A st), urban wells (range: 39 -  290 pg/l Asj) and tap water (range: 40 -  747 
pg/l Ast) around Eduardo Castex (Table 5.2).
Table 5.2: Typical arsenic levels in water from Eduardo Castex (La Pampa).
Arsenic Concentration (ug/i A st)
Sample Type —
Ar. X  Minimum Maximum
Groundwater 261 24.9 946
Urban Wells* - 39 290
Rural Wells* - 33 1128
Tap Water* - 40 747
* Sample data from previous study in Eduardo Castex (O’Reilly, 2010); Ar. x  = 
arithmetic mean.
To evaluate any differences in the elemental composition of biological samples from 
patients with type-2 diabetes mellitus two groups were established:
(1) participants with type-2 diabetes mellitus (T2D: n = 55);
(2) participants with no known long-term health problems (ND: a? = 84).
All group demographic information is summarised in Table 5.3. The type-2 diabetes 
mellitus (T2D) group had a mean age of 63 years old (range: 32 -  84 yrs). Whereas, 
the healthy control (ND) group has a lower mean age of 44 years old (range: 20 -  82 
yrs). In the T2D group one participant failed to state their age (EC2). This participant 
has been included in the study. However, the relevant missing age information has not
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been included in any subsequent statistical calculation relating to age values. All 
individual participant questionnaire information is included in the appendix in Table D1.
Hair, fingernail, toenail, urine, whole blood and blood serum samples were collected 
from participants using the procedures outlined in sections 2.2 to 2.5 over the period 
January 2010 to May 2012. However, not all participants provided all types of sample 
and some hair/nail samples were excluded due to the provision of insufficient sample 
amount: exclusion principles/dilution factors are outlined in section 2.2.4. Sample group 
sizes and group demographics are summarised in Table 5.3. Furthermore, all individual 
biological sample arsenic concentrations are included in the appendix in Tables D2 and 
D3.
Table 5.3: Demographic information (gender, age and smoking habit) for biological 
sample groups from participants with type-2 diabetes (T2D) and the healthy, non­
diabetic (ND) control participants.
Gender Age (yrs) Smoking Habit
Group Sample Type n
M F Ar. X  (range) Smoker
Non-
Smoker
Not
Stated
Total: 55 31 24 63 (32 -  84) 10 40 5
Hair: 35 2 1 14 61 (32 -  80) 9 2 1 5
Fingernails: 33 19 14 60 (32 -  80) 9 19 5
T2D Toenails: 9 7 2 59 (32 -  73) 2 2 5
Urine: 50 27 23 64 (33 -  84) 1 0 40 0
Whole Blood: 19 9 1 0 65 (33 -  80) 2 17 0
Blood Serum: 31 18 13 63 (43 -  84) 8 23 0
Total: 84 44 40 44 (20 -  82) 21 32 31
Hair: 59 30 29 42 (21 -  72) 2 0 1 1 28
Fingernail: 56 31 25 42(21 -  72) 2 0 1 0 26
ND Toenail: 2 1 1 2 9 39 (21 - 7 2 ) 0 4 17
Urine: 53 32 2 1 46 (20- 82) 2 1 32 0
Whole Blood: 23 16 7 49 (20 -  82) 1 2 2 0
Blood Serum: 29 16 13 44 (22 -  70) 2 0 9 0
n = number of samples in group: Ar. x  = arithmetic mean; M = male; F = female.
5.2 Statistical Analysis
Arsenic data for the biological samples analysed in this study is not normally 
distributed. Due to the skewed distribution of the data, non-parametric tests have been 
used to evaluate statistical differences and correlations. The Mann-Whitney U-test, 
outlined in section 2.8.4, has been used to evaluate statistical differences in the 
distribution of the sample concentrations. Furthermore, the Spearman rank correlation 
coefficient has been used for the determination of any correlations between each of the 
biological sample types (section 2.8.6). To allow the estimation of statistical differences 
and correlations, samples with arsenic concentrations below the detection limit were
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assigned a value of one-half the detection limit, as previously demonstrated by 
Hinwood et al. (2003).
5.3 Arsenic and Diabetes: Hair
The arsenic levels in washed hair samples from the T2D and ND sample groups are 
shown in Table 5.4. All hair samples were dried at 60 °C prior to digestion and all 
subsequent trace element concentrations are given as dry weight (dw). All of the hair 
samples collected from healthy participants and 91 % of samples from the T2D group 
lie within the literature range for arsenic levels in hair from healthy people: < 0.01 to 1.7 
mg/kg Ast (e.g. Nguyen et al., 2009; Afridi et al., 2008). Three samples in the T2D 
group had higher arsenic levels: 1.9 to 4.2 mg/kg Asj. Afridi et al. (2008) reported 
higher arsenic levels (range: 1.4 -  3.3 mg/kg Asj) in hair from T2D patients, than those 
typically observed in this study (range: < 0.05 -  4.2 mg/kg A st). Within the study Afridi 
et al. (2008) reported a significantly (probability, p < 0.001) higher level of arsenic in 
hair samples from male T2D patients (both smokers and non-smokers) in Pakistan, 
when compared to male healthy controls from the same region. In this study a Mann- 
Whitney U-Test showed that there was no significant difference between arsenic levels 
in hair samples from T2D and healthy participants. However, the median arsenic level 
is higher for participants with T2D compared to the healthy controls (T2D: 0.26 mg/kg 
Ast; ND: 0.09 mg/kg Asy).
Table 5.4: Total arsenic levels (median, minimum and maximum) in washed hair 
samples from participants in Eduardo Castex in two sub-groups: type-2 diabetics (T2D) 
and healthy participants (ND); and the statistical difference (Mann-Whitney U-Test) 
between diabetic (T2D) and healthy (ND) study participants.
Total A rsen ic  C oncentra tion (m g/kg Percentage (%) M ann-W hitney U-
G roup n ASy, dw) < 0.05 m g/kg Test*
Med. Min. Max. Asy p R e la tionsh ip
ND 59 0.09 
T2D 35 0.26
<0.03
<0 .05
1.52
4.24
5.1
2.9
0 . 1 1 1  no difference
 ^Statistical difference between the T2D group and the ND group, analysed using a Mann-Whitney U-
Test (p = probability level); n = number of samples in group; Med. = median; Min. = minimum; Max. =
maximum; dw = dry weight.
5.4 Arsenic and Diabetes: Fingernails and Toenails
The arsenic levels in washed fingernail and toenail samples from the T2D and ND 
sample groups are shown in Table 5.5. All fingernail and toenail samples were dried at 
60 °C prior to digestion and all subsequent trace element concentrations are given as 
dry weight (dw). Arsenic levels in 25 % of the fingernail samples and 100 % of the 
toenail samples from the healthy control group exceeded the literature range for 
healthy people of 0.05 to 3.6 mg/kg Asy and 0.07 to 0.28 mg/kg Asy, respectively (e.g.
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Brima et al., 2006; Button et al., 2009). This is most likely due to the elevated levels of 
arsenic in the drinking water in Eduardo Castex. This has been discussed further in 
relation to low arsenic exposure regions in Argentina within Chapter 4. Arsenic levels in 
hair, fingernail and toenail samples show a positive trend with arsenic levels in water, 
and significantly higher (p < 0.01) levels of arsenic were found in hair, fingernail and 
toenail samples from Eduardo Castex compared to the control region of General Roca 
(sections 4.3.3, 4.4.3 & 4.5.3). There are currently no available reports within published 
research for arsenic levels in fingernails or toenails from patients with type-2 diabetes. 
The data from this study can, therefore, not be compared to previously reported arsenic 
levels.
Table 5.5: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in washed fingernail and toenail samples from participants in Eduardo 
Castex in two sub-groups: type-2 diabetics (T2D) and healthy participants (ND); and 
the statistical difference (Mann-Whitney U-Test) between diabetic (T2D) and healthy 
(ND) study participants.
Group n
Total Arsenic Concentration (mg/kg Asy, dw) Mann-WhitneyU-Test*
A r .x Geo. X S.D. Med. Min. Max. P Relationship
Fingernail
ND
Fingernail
T2D
56 1.94 0.81 2.3 0.69 0.05 10.7
33 0.74 0.19 1.6 0 . 1 2 0.06 5.38 0 . 0 1
T2D < ND
Toenail ND 
Toenail T2D
2 1
9
1.44
0.37
1.18
0.26
0.98
0.40
0.98
0.25
0.36
0 . 1 0
4.10
1.37
<
0 . 0 1
T2D < ND
 ^Statistical difference between the T2D group and the ND group, analysed using a Mann-Whitney U-Test
(p = probability level); n = number of samples in group; Ar. x = arithmetic mean; Geo. x = geometric
mean; S.D. = standard deviation; Med. = median; Min. = minimum; Max,. = maximum; dw = dry weight.
The arithmetic mean (ar. x )  arsenic levels in T2D participants were 0.74 mg/kg Asy in 
fingernails (median: 0.12 mg/kg Asy) and 0.37 mg/kg Asy in toenails (median: 0.25 
mg/kg Asy). In contrast, higher Asy levels were found in fingernails (ar. x \ 1.9 mg/kg 
Asy; median: 0.69 mg/kg Asy) and toenails (ar. x \ 1.4 mg/kg Asy; median: 0.98 mg/kg 
Asy) from the healthy controls. Mann-Whitney U-Tests showed that the arsenic levels in 
both fingernail and toenail samples are statistically lower (p < 0.01) in T2D participants 
when compared to healthy controls (Table 5.5). A symptom of type-2 diabetes is poor 
blood circulation which can significantly reduce the blood supply to hands and feet. 
This poor blood supply can, subsequently, influence the growth of nails (Jefford & 
Swain, 2006). Poor nail growth and circulation could also impact the arsenic 
concentration in the nails. The low arsenic levels observed in both fingernail and toenail 
samples from participants with type-2 diabetes may occur due to lower amounts of 
arsenic getting to the nail bed through poor circulation or potentially because of low 
arsenic uptake into the nail matrix due to poor nail growth.
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Table 5.6: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in urine samples from participants in Eduardo Castex in two sub-groups: 
type-2 diabetics (T2D) and healthy participants (ND); and the statistical difference 
(Mann-Whitney U-Test) between diabetic (T2D) and healthy (ND) study participants, as 
well as between samples collected in 2011 and 2012 (May -  June).
Total Arsenic Concentration (pg/l Asy) Mann-Whitney U-Test*
Ar. X Geo. X S.D. Med. Min. Max. P Relationship
All Samples
ND 53 72.9 
T2D 50 150
47.3
76.4
8 6 . 2
174
45.0
1 1 1
6.13
4.66
443
1035
<0.05 T2D > ND
May to June 2011
ND 15 63.3 
T2D 12 142
35.1
48.6
109
291
31.1
34.7
7.81
1 1 . 2
443
1035
0.614 no difference
May to June 2012
ND 26 77.2 
T2D 25 212
64.4
189
45.7
98.2
74.2
199
14.0
63.4
186
402
< 0 . 0 1 T2D > ND
May to June 2011 and 2012 (ND)
2011 15 63.3
2012 26 77.2
35.1
64.4
109
45.7
31.1
74.2
7.81
14.0
443
186
< 0 . 0 1 2 0 1 2  > 2 0 1 1
May to June 2011 and 2012 (T2D)
2011 12 142
2012 25 212
48.6
189
291
98.2
34.7
199
1 1 . 2
63.4
1035
402
< 0 . 0 1 2 0 1 2  > 2 0 1 1
 ^ Statistical difference between the T2D group and the ND group (or year 2011 and 2012), analysed
using a Mann-Whitney U-Test (p = probability level); n = number of samples in group; Ar. x = arithmetic
mean; Geo. x  = geometric mean; S.D. = standard deviation; Med. = median; Min. = minimum; Max. =
maximum.
5.5 Arsenic and Diabetes: Urine
Urine is the main excretory pathway for arsenic and the half-life of arsenic in urine is 
typically 4 days (Mazumder, 2000). Therefore, urine can be used as a biomarker for 
recent exposure to arsenic. Approximately 96 % of all urine samples from the healthy 
(ND) control group were within the healthy literature range: 0.4 to 375 pg/l Asj (e.g. 
Brima et al., 2006; Heitland & Kôster 2006®). The arsenic concentrations in urine from 
the ND group ranged from 6.1 to 443 pg/l Asy (ar. x: 72.9 pg/l Asy; median: 45.0 pg/l 
Asy). The arsenic concentrations in urine from T2D participants also had a large range 
from 4.7 to 1035 pg/l Asy and an arithmetic mean of 150 pg/l Asy.
A Mann-Whitney U-Test revealed that the arsenic levels in urine from type-2 diabetics 
were significantly higher (p < 0.05) than the levels in urine from the healthy (ND) 
controls (Table 5.6). However, urine samples were collected from two groups; one in 
2011 and another in 2012. Significantly lower levels of arsenic (p < 0.01) were found in 
urine samples from both diabetics and non-diabetics collected during May to June in 
2011 compared to the same time period in 2012 (Table 5.6). Furthermore, no statistical 
difference was found between arsenic levels in urine from diabetics and non-diabetics
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collected in May to June 2011, whereas a statistical difference (p < 0.01) was observed 
for samples collected in May to June 2012 (Table 5.6). This could suggest a difference 
in arsenic exposure between 2011 and 2012. Temporal variation in groundwater 
arsenic concentrations were not evaluated as part of this study. However, 
temporal/seasonal fluctuations in arsenic levels have been observed in several 
groundwater systems (e.g. Rodriguez et al., 2004; Concha et al., 2006; Dhar et al.,
2008). The fluctuations observed, although sometimes small, are typically associated 
with variations in rainfail (e.g. Rodriguez et al., 2004; Cheng et al., 2005). Eduardo 
Castex lies in the eastern area of the La Pampa Province. This area is within a 
transition zone between the humid temperate climate of the east and the steppe 
climate of the west. The area is, therefore sensitive to abrupt changes in rainfall (Pérez 
et al., 2011; Pérez & Sierra, 2012). If a lower amount of precipitation occurred in 2012 
compared to 2011, there may have been a subsequent increase in groundwater 
arsenic concentrations. This, in turn, may have caused an increase in the level of 
arsenic exposure. However, the samples collected in 2011 and 2012 were from 
different people. Therefore, there may have been additional variations which could 
account for the differences in arsenic levels in urine. For example, there could be 
potential variations in socio-economic background, sample storage (in Argentina), diet 
or water consumption.
Previous published research evaluating the association between arsenic levels in urine 
and the occurrence of type-2 diabetes has provided inconsistent results. The 
relationship has typically been studied in areas with low levels of arsenic exposure and 
data treatment has varied between studies. Navas-Acien et al. (2008) conducted a 
study in the U.S on people with low to moderate levels of arsenic exposure through 
drinking water. Within the study Navas-Acien et al. (2008) found no significant 
difference between the Asy levels in participants with type-2 diabetes and healthy 
controls after adjustment for diabetes risk factors. However, after further adjustment for 
arsenobetaine (a biomarker for seafood intake) a 26 % higher level of total arsenic in 
the urine of participants with type-2 diabetes compared to healthy controls was 
reported. Similarly, Kim and Lee (2011) also found a higher level of arsenic in the urine 
of type-2 diabetics following adjustment for covariates such as seafood consumption, 
age and body mass index (BMI). Chen et al. (2010), on the other hand, did not make 
any adjustments to the data and reported no significant difference in the total arsenic 
levels in urine from type-2 diabetics and healthy controls in Bangladesh (water: 10 -  
300 pg/l Asy). Similar results were reported by Ruiz-Navarro et al. (1998) and 
Rodriguez Flores et al. (2011).
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5.6 Arsenic and Diabetes: Whole Blood
Arsenic can be removed from the blood within 24 hours of exposure (Karim, 2000). 
Therefore, like urine, blood can be used as a biomarker for recent exposure to arsenic. 
Approximately 96 % of all whole blood samples from the healthy (ND) control group 
were within the healthy literature range: 0.13 to 17.8 pg/l Asy (e.g. Goullé et al., 2005; 
Heitland & Kôster 2006^).
Table 5.7: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in whole blood samples from participants in Eduardo Castex in two sub­
groups: type-2 diabetics (T2D) and healthy participants (ND); and the statistical 
difference (Mann-Whitney U-Test) between diabetic (T2D) and healthy (ND) study 
participants.
Total Arsenic Concentration (pg/i Asy) Mann-Whitney U-Test*
v^roup n
Ar. x Geo. X  S.D. Med. Min. Max. p Relationship
ND 23 
T2D 19
7.83
1 0 . 1
6.96 5.33 6.13 4.36 
7.86 9.86 6.59 4.37
29.4
42.9
0.631 no difference
* Statistical difference between the T2D group and the ND group, analysed using a Mann-Whitney U-Test 
(p = probability level); n = number of samples in group; Ar. x  = arithmetic mean; Geo. x  = geometric mean; 
S.D. = standard deviation; Med. = median; Min. = minimum; Max. = maximum.
The total arsenic levels in whole blood from healthy (ND) participants ranged from 4.4 
to 29.4 pg/l Asy (ar. x: 7..38 pg/l Asy; median: 6.13 pg/l Asy). A similar range was 
observed in the T2D participants: 4.4 to 42.9 pg/l Asy. The arithmetic mean arsenic 
level in T2D participants (ar. x: 10.1 pg/l Asy) showed a non-significant elevation in 
comparison to the healthy (ND) controls (Table 5.7). However, a Mann-Whitney U-Test 
revealed no significant difference between diabetics and healthy participants (Table 
5.7). Afridi et al. (2008) reported a slight eievation in total arsenic in whole blood from 
participants with T2D in both non-smokers and smokers compared with non-diabetic 
controls.
5.7 Arsenic and Diabetes: Blood Serum
Approximately 81 % of T2D blood serum samples had total arsenic levels higher than 
those reported in healthy literature groups and 100 % were higher than previously 
reported levels in participants with T2D: 0.24 to 1.4 pg/l Asy (Rodriguez Flores et al., 
2011). Whereas, 97 % of the blood serum samples from healthy participants had 
arsenic levels within the healthy literature range: < 0.03 to 15.4 pg/l Asy (Iyengar & 
Woittiez, 1988; Forrer etal., 2001).
The total arsenic levels in blood serum from healthy (ND) participants ranged from 1.99 
to 33.5 pg/l Asy (ar. x: 8.39 pg/l Asy; median: 9.56). In contrast, the mean (ar. x) 
arsenic level found in blood serum from T2D participants was 50.8 pg/l Asy (range:
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2.54 -  142 pg/l Asj). A Mann-Whitney U-Test showed that blood serum from the T2D 
group had significantly higher (p < 0.01) Asj levels than the healthy (ND) controls 
(Table 5.8). Higher arsenic levels in blood serum could indicate a higher arsenic 
exposure level. A typical symptom of type-2 diabetes is increased thirst (NHS, 2012); 
therefore type-2 diabetics may drink more water containing arsenic than non-diabetics. 
Alternatively it may indicate a difference in diet. Type-2 diabetes is typically controlled 
through changes in diet (NHS, 2012); therefore changes in the types of food that are 
eaten or in the preparation of food (e.g. increased consumption of vegetables cooked 
in water containing arsenic) may also increase the arsenic exposure levels. However, 
these are speculative theories and would require in depth monitoring of diet and water 
use/consumption to determine any changes in arsenic exposure.
Table 5.8: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in blood serum samples from participants in Eduardo Castex in two sub­
groups: type-2 diabetics (T2D) and healthy participants (ND); and the statistical 
difference (Mann-Whitney U-Test) between diabetic (T2D) and healthy (ND) study 
participants.
Group n
Total Arsenic Concentration (pg/l A st) Mann-Whitney U- Test*
Ar. X Geo. X S.D. Med. Min. Max. p Relationship
ND 29 
T2D 31
8.39
50.8
6.71
32.7
6.04 9.56 1.99 
35.3 51.0 2.54
33.5
142
< 0.01 T2D > ND
* Statistical difference between the T2D group and the ND group, analysed using a Mann-Whitney U-Test 
(p = probability level); n = number o f samples in group; Ar. x = arithmetic mean; Geo. x  = geometric mean; 
S.D. = standard deviation; Med. = median; Min. = minimum; Max. = maximum.
This data contradicts that reported by Rodriguez Flores et al. (2011) who found no 
significant difference between arsenic levels in blood serum from T2D and healthy 
participants. The low arsenic levels found by Rodriguez Flores et al. (2011) in blood 
serum from both healthy (range: 0.92 -  1.74 pg/l Asj) and diabetic (range: 0.24 -  1.42 
pg/l Ast) participants may indicate a low level of Asj exposure in the town of 
Guanajuato (Mexico). Arsenic exposure levels are not provided in the study. However, 
elevated arsenic exposure has been reported within the State of Guanajuato, at 
Salamanca approximately 70 km south of Guanajuato (Rodriguez & Armienta, 2002).
5.8 Correlation between Arsenic Leveis in Different Biologicai Sampie Types
Positive correlations were observed between arsenic levels in washed hair, fingernail 
and toenail samples collected from four locations in Argentina (section 3.5). The 
correlations between arsenic levels in different biological matrices have been evaluated 
further within the ‘type-2 diabetes’ study. The arsenic levels in the biological samples 
measured in this study are not normally distributed. Therefore, a non-parametric test 
(Spearman rank correlation) was conducted as outlined in section 2.8.6. The
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correlations were calculated using pairs of samples (e.g. hair and fingernail) from the 
same subject. Within this study samples were typically collected in two groups: Whole 
Blood Group (paired with urine samples) and the Blood Serum Group (paired with 
urine, hair and fingernail samples). Correlations with toenail samples will not be 
discussed within this section due to an insufficient number of paired samples. Within 
each of the following sections (5.8.1 and 5.8.2) sample correlations within the whole 
study group (ND and T2D combined), the type-2 diabetics group (T2D) and the healthy 
control group (ND) will be discussed.
5.8.1 Arsenic In whole blood and urine samples
A significant positive correlation was found between arsenic levels in urine samples 
and the levels in paired whole blood samples (rg = 0.394, p < 0.01). The positive 
correlation was maintained within the T2D group (rg = 0.428, p = 0.067) and the ND 
group (rg = 0.364, p = 0.088). However, the correlations were no longer significant 
(Table 5.9). Arsenic is removed from the blood within approximately 24 hours (Karim, 
2000). The detoxification of arsenic, via méthylation, occurs in the kidneys followed by 
excretion (Karim, 2000). The main excretory pathway for arsenic is in the urine and 
around 60 to 70 % of ingested arsenic is excreted in the urine (Hopenhayn-Rich et a!., 
1996). Both whole blood and urine are biomarkers for recent arsenic exposure and a 
positive relationship between the two sample types would be expected. Hall et al. 
(2006) also reported a positive correlation between arsenic levels in whole blood and 
urine from all the study participants (rg = 0.85) and for those exposed to arsenic levels 
below 50 pg/l Ast (rg = 0.65) in Bangladesh.
Table 5.9: Spearman rank correlation coefficient (rg) for the comparison of arsenic 
levels in urine (U) and whole blood (WB) samples from all participants within this study 
(Whole), from the type-2 diabetes group (T2D) and healthy group (ND).
Spearman rank correlation 
Correlation Group _____________ coefficient_______
Whole 42 0.394 < 0 . 0 1
U vW B T2D 19 0.428 0.067
ND 23 0.364 0.088
n = number of samples in group; p = probability level.
5.8.2 Arsenic In blood serum, urine, hair and fingernail samples
Blood serum and urine are biomarkers of recent exposure to arsenic, whereas hair and 
fingernails are slow growing tissues and are typically used as markers of long-term or 
past exposure (Hall et al., 2006). In this study a significant positive correlation (p < 
0.01) was found between arsenic levels in urine and blood serum across the whole
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study group and within the diabetic (T2D) study group. However, only a weak positive 
correlation (rg = 0.172, p = 0.372) was found between blood serum and urine from the 
healthy (ND) group (Table 5.10). A positive correlation would be expected as both urine 
and blood serum are markers of recent arsenic exposure. However, arsenic is removed 
from blood within approximately 24 hours, whereas in urine arsenic has a half-life of 
approximately 4 days (Karim, 2000; Mazumder, 2000). The weaker correlation between 
arsenic in blood serum and urine from healthy participants may indicate a lower 
consistency in arsenic exposure, compared to the type-2 diabetic participants. 
However, to evaluate this further arsenic exposure for each participant would need to 
be monitored over a period of time.
Table 5.10: Spearman rank correlation coefficient (rg) for the comparison of arsenic 
levels in hair (H), fingernail (FN), urine (U) and blood serum (BS) samples from all 
participants within this study (Whole), from the type-2 diabetes group (T2D) and 
healthy group (ND).
C orre la tion Group
Spearman rank corre la tion  coe ffic ien t
n rs P
Whole 51 - 0.294 <0.05
H vF N T2D 25 - 0.238 0.253
ND 26 -0 .116 0.572
Whole 51 0.431 < 0 . 0 1
H v U T2D 25 0.213 0.306
ND 26 0 . 0 2 1 0.917
Whole 51 0.321 <0.05
H vB S T2D 25 - 0 . 0 2 0 0.925
ND 26 -0 .216 0.290
Whole 51 - 0.238 0.093
FN v U T2D 25 0.198 0.342
ND 26 0.068 0.741
Whole 51 - 0.321 <0 .05
F N vB S T2D 25 0.250 0.228
ND 26 - 0 . 0 0 2 0.992
Whole 60 0.684 < 0 . 0 1
U vB S T2D 31 0.499 < 0 . 0 1
ND 29 0.172 0.372
n = number of samples in group; p = probability level.
A positive relationship with arsenic levels in hair was found for both urine (rg = 0.431, p 
< 0.01) and blood serum (rg = 0.321, p < 0.05) within the whole study group. Published 
research has also reported a positive relationship between arsenic levels in hair and 
urine (Chiou et a!., 1997; Concha et al., 2006). In contrast, an inverse relationship was 
found between arsenic in hair and fingernail samples (rg = - 0.294, p < 0.05). An 
inverse relationship was also found between fingernail and urine samples (rg = - 0.238,
160
Chapter 5: Arsenic Exposure and Type-2 Diabetes
p = 0.09) and between fingernail and blood serum samples (rg = - 0.321, p < 0.05) 
across the whole study group. Although not significant, slightly higher arsenic levels 
were found in hair samples from the T2D group compared to the ND group. Elevated 
Ast levels in the T2D samples were also found in urine and blood serum. Due to the 
decrease in arsenic levels in fingernail samples from participants in the T2D group a 
negative correlation would be expected.
When considering only the individual sample groups (T2D and ND) the relationship 
between hair and urine/blood serum changes (Table 5.10). A weak positive relationship 
occurs between hair and urine in the T2D group (rg = 0.213, p = 0.306) and the rg value 
lowers further within the healthy group (rg = 0.021, p = 0.917). Furthermore, a non­
significant negative relationship occurs between hair and blood serum in both the T2D 
(rg = - 0.020, p = 0.925) and ND (rg = - 0.216, p = 0.290) groups. The relationship 
between fingernails and urine/blood serum also changes. Within the T2D group a weak 
positive relationship exists between fingernail and urine samples (rg =0.198, p = 0.342), 
as well as between fingernail and blood serum samples (rg = 0.250, p = 0.228). In 
contrast, no relationship exists between fingernail and urine/blood serum samples in 
the ND group (Table 5.10).
Hair, fingernails, urine and blood serum are biomarkers for different exposure times. As 
previously mentioned, blood serum and urine are markers of recent arsenic exposure 
(Karim, 2000; Mazumder, 2000), whereas hair and fingernails are markers of past 
exposure (Slotnick & Nriagu, 2006). Hair and fingernail samples are slow-growing and, 
unlike urine and blood serum samples, are less susceptible to small changes in arsenic 
exposure on a day-to-day basis. Furthermore, hair is typically faster growing than 
fingernails, and therefore represents a different time-period of exposure to fingernails 
(Slotnick & Nriagu, 2006). As previously mentioned in section 5.5, urine samples 
collected in 2011 and 2012 (May -  June) contained significantly different arsenic levels 
(p < 0.01). If this difference was caused by a change in arsenic exposure it may imply 
that the arsenic exposure levels fluctuate over time: thus explaining the poor 
correlations between sample matrices within the ND and T2D groups, due to the 
different exposure-periods represented by each sample type.
5.9 Arsenic and Diabetes: Influence of Co-factors on Arsenic Levels
The levels of trace elements in biological samples can be influenced by co-factors such 
as gender, age and smoking habit (Kristiansen et al., 1997; Slotnick & Nriagu, 2006; 
Srogi, 2006). It has also been suggested that these co-factors could influence the 
arsenic levels in biological samples from diabetic and non-diabetic study groups (Afridi 
et al., 2008; Kim & Lee, 2011). However, limited information is available on the 
influence of age, gender and smoking habit on the arsenic levels in hair, fingernails,
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toenails, urine, whole blood and blood serum in patients with type-2 diabetes. The 
impact of age, gender and smoking habit on arsenic levels in biological samples from 
both type-2 diabetic (T2D) and healthy, non-diabetic (ND) participants has been 
evaluated as part of this study. The results are outlined within the following sections.
5.9.1 Arsenic and diabetes: Influence o f gender
The impact of gender on arsenic levels in biological samples has provided contradicting 
results throughout the literature. For example, Chiou et al. (1997) and Kristiansen et al. 
(1997) found higher arsenic levels in urine from men than from women. In contrast, Kim 
and Lee (2011) reported higher arsenic levels in urine from females compared to 
males. Furthermore, Brima et al. (2006) reported that gender did not statistically 
influence arsenic levels in urine from three different ethnic groups in the UK. Literature 
research, such as that stated above, highlights the complex influence gender can have 
on arsenic levels in biological media. Within this study, the influence of gender on 
arsenic levels in hair, fingernail and toenail samples from four healthy groups has 
previously been discussed in section 4.8.1. The influence of gender varies, and a 
significant difference was only found in the low exposure group (General Roca and 
Copahue-Caviahue) where men had significantly (p < 0.05) higher levels of arsenic in 
their hair samples compared to women. No significant differences were found in the 
high exposure region, which included Eduardo Castex.
In the ‘type-2 diabetes’ study no statistical differences were observed between males 
and females in any of the biological samples evaluated (Appendix Table D4). The only 
exception was in toenails where a significantly higher level of arsenic (p < 0.05) was 
found in samples from healthy females compared to healthy males. However, a low 
number of participants provided toenail samples (Table 5.11), therefore further samples 
would need to be analysed to confirm the statistical difference.
Gender has been reported as having minimal impact on arsenic levels in toenails 
(Karagas et al., 2001) and urine (Ruiz-Navarro et al., 1998; Brima et al., 2006; Navas- 
Acien et al., 2008). However, contradictory findings have also been reported for urine 
(Chiou et al., 1997; Tseng et al., 2005), toenails (Chiou et al., 1997), and blood (Hall et 
al., 2006). Chiou et al. (1997) reported higher arsenic levels in samples from males 
compared to females. They concluded that these differences may have occured due to 
variation in drinking habits. Approximately, 85 % of the male participants were farmers 
and had a higher exposure to arsenic than the female participants. This was suggested 
to account for the differences observed between males and females. The findings from 
this study, may suggest that there is no significant difference in exposure levels 
between males and females in Eduardo Castex. However, further evaluation of 
individual exposures would need to be carried out to confirm this.
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Table 5.11: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in washed toenail samples from male and female participants with type-2 
diabetes (T2D) and healthy, non-diabetic controls (ND); and the statistical difference 
(Mann-Whitney U-Test) between male and female study participants.
Total Arsenic Concentration (mg/kg Asy, dw) Mann-Whitney U-Test*
Group Gender n
A r.x
Geo.
X
S.D. Med. Min. Max. p Relationship
Male 12 
ND ^
Female 9
1.06
1.95
0.90
1.69
0.65
1.15
0.75 0.36 
1.54 0.90
2.39
4.10
< 0.05 F > M
T2D ^ 
Female 2
0.43
0.19
0.29
0.18
0.44
0.09
0.25 0.10 
0.19 0.12
1.37
0.26
0.667 no difference
 ^ Statistical difference between the males and females, analysed using a Mann-Whitney U-Test (p =
probability level); n = number of samples in group; Ar. x  = arithmetic mean; Geo. x  = geometric mean;
S.D. = standard deviation; Med. == median; Min. = minimum; Max. = maximum; dw = dry weight.
The difference between diabetic and non-diabetic participants, for each gender, was 
also calculated using a Mann-Whitney U-Test. Similar results to those found for whole 
sample groups were obtained for each biological sample type:
• Hair -  no statistical difference between T2D and ND participants (males: p = 
0.503; females: p = 0.133);
• Fingernails -  lower arsenic levels in T2D participants compared to ND 
participants (males: p < 0.01; females: p < 0.01);
• Toenails - lower arsenic levels in T2D participants compared to ND participants 
(males: p < 0.01; females: p < 0.05);
• Whole blood - no statistical difference between T2D and ND participants 
(males: p = 0.760; females: p = 0.417);
• Blood serum - higher arsenic levels in T2D participants compared to ND 
participants (males: p < 0.01; females: p < 0.01).
The only exception to this was urine. No statistically significant difference was 
observed between T2D and ND participants for either males (p = 0.148) or females (p 
= 0.102); compared to the significantly higher levels of arsenic observed in T2D 
participants when both male and female participants are included. However, the 
median arsenic levels in both male and female T2D participants (male: 102 pg/l Ast; 
female: 122 pg/l Asy) are higher than the ND participants (male: 45.3 pg/l Asy; female: 
45.0 pg/l Asy). Kim and Lee (2011) found a statistically higher level of arsenic in both 
male and female T2D participants when compared to healthy controls. The difference 
was more significant in females (p < 0.01) than in males (p < 0.05).
5.9.2 Arsenic and diabetes: Influence o f age
The age ranges of each group were not comparable, as the participants with type-2 
diabetes were typically older than the healthy participants (Table 5.12). In order to
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evaluate the influence of age two different age categories were used. In the healthy 
group a comparison was made between those under and over the age of 40, whereas 
in the type-2 diabetes group a comparison was made between those under and over 
the age of 60. The different age categories were utilised to create groups with fairly 
even sample numbers, where possible. The only exception to this was for urine, in the 
healthy group a comparison was made between those under and over 40 years old, as 
well as between those under and over 60 years old.
Table 5.12: Number of biological samples (hair, fingernail, toenail, urine, whole blood 
and blood serum) in three age categories: 20 to 39 years, 40 to 59 years and > 60 
years old, from the healthy (ND) and type-2 diabetes (T2D) groups.
G roup Sample Type
N um ber o f Samples in Each Age Range
20 -  39 yrs 40 -  59 yrs > 60 yrs
ND
Hair
Fingernails
Toenails
Urine
Whole Blood 
Blood Serum
22
20
12
18
35
34
8
25
15
17
2
2
1
10
7
3
T2D
Hair
Fingernails
Toenails
Urine
Whole Blood
< 20 yrs
15 
14 
2
16
3
20 -39 ym  
Age Range
18
16
5
33
15
Blood Serum 0 13 18
0.45
0.4
0.35
0.3
0.05
40 - 59 yrs
Fig. 5.1: Median arsenic levels in washed hair samples from healthy participants in 
Eduardo Castex divided into three age categories: < 20 years, 20 to 39 years and 40 -  
59 years old.
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Age was not found to have any significant influence on the arsenic levels in fingernail, 
toenail, whole blood or blood serum samples in either the T2D or ND groups (Appendix 
Tables D5 & D6). However, healthy participants between the ages of 20 to 39 years old 
had significantly (p < 0.05) higher levels of arsenic in their hair than those over 40 
years old (Table 5.13). The impact of age on arsenic levels in hair has been previously 
discussed in section 4.8.2 as part of the location-based study. Within the study 
children/adolescents (< 20 yrs) in the high exposure region, which included Eduardo 
Castex, had higher arsenic levels in their hair than those over the age of 20 years. 
Within the healthy group in Eduardo Castex the median arsenic level in hair decreases 
with increasing age up to 59 years old (Fig. 5.1). Only 2 hair samples were provided by 
healthy participants over 60 years old and these have not been included in subsequent 
discussions.
Table 5.13: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in washed hair samples from participants with type-2 diabetes (T2D) and 
healthy, non-diabetic controls (ND) in four age categories: 20 to 39 years old (< 40), 40 
years old or over (> 40), 20 to 59 years old (< 60) and 60 years old or over (> 60); and 
the statistical difference (Mann-Whitney U-Test) between the age groups. NB: mean and 
standard deviation have not been calcuiated where the minimum concentration is below the 
detection limit.
~Z  Age Total A rsen ic  C oncentra tion (m g/kg A s t, dw) M ann-W hitney U-Test^
roup "  Ar. x  Geo. x  S.D. Med. M in. Max. p R e la tionsh ip
<40 22 - - - Ô Ï6 <0.15 Ï5 2
ND < 0.05 under > over
>40 37 - - - 0.08 <0.03 0.98
<60 16 Ô24 Ô Ï6 Ô2Ô 021 003 060
T2D 0.484 no difference
> 60 18 - - - 0.27 <0.05 4.24
 ^Statistical difference between different age groups, analysed using a Mann-Whitney U-Test (p = 
probability level); n = number of samples in group; Ar. x = arithmetic mean; Geo. x  = geometric mean;
S.D. = standard deviation; Med. = median; Min. = minimum; Max. = maximum; dw = dry weight.
Previous studies have also found higher levels of arsenic in hair from children 
compared to adults (e.g. Hinwood et al., 2003; Concha et a!., 2006). However, no 
further influence from age has been previously reported. The elevated arsenic level in 
hair samples from children has been attributed to a higher sensitivity to environmental 
levels of arsenic (Saad & Hassanein, 2001; Hinwood et a!., 2003). Higher 
environmental exposure may lead to elevated levels of external contamination on hair 
samples which may not be fully removed in the washing process. The decrease in 
arsenic levels in hair with increasing age may suggest that the exposure to arsenic 
continues to decrease with age. Alternatively it may also occur due to variations in the 
composition of the hair fibres. Arsenic predominantly binds to the disulphide functional 
groups on the amino acid group cystine (Srogi, 2006). Disulphide content in hair can 
vary significantly and can be impacted by factors such as diet, cosmetic treatment and
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environmental effects (e.g. sunlight degradation). No consistent relationship has been 
found between age and the cystine content of hair (Robbins, 2012). However, 
variations in lifestyle may occur between age groups (e.g. different amounts of 
cosmetic treatment of hair) which may subsequently cause a variation in the cystine 
content of hair with age. If the cystine content of hair decreased with age, it could 
subsequently cause a decrease in the amount of arsenic in the hair.
The arsenic content in urine also shows variation with age. In both the T2D and ND 
groups the arsenic content in urine is significantly lower in participants over the age of 
60 compared to those between the age of 20 and 59 (T2D, p < 0.01; ND, p < 0.05). 
These findings are not in agreement with those found by Kim and Lee (2011), Agusa et 
al. (2009) or by Brima et al. (2006). Kim and Lee (2011) found a positive correlation 
between age and arsenic levels in urine. However, the statistics were conducted using 
both diabetic and non-diabetic participants. The mean age of the diabetics (male: 54.3 
yrs; female: 59.4 yrs) was higher than non-diabetics (male: 41.8 yrs; female: 41.7 yrs). 
Significantly higher arsenic levels were found in urine from participants with diabetes 
compared to the healthy controls. Therefore, the positive correlation between urine 
arsenic levels and age may have been influenced by the higher age of diabetic 
participants. Agusa et ai. (2009) and Brima et al. (2006), on the other hand, found no 
statistical influence from age. Within these studies the influence of age was evaluated 
through the comparison of children (< 15 yrs) with adults ( 1 5 - 6 3  yrs) (Agusa et a!.,
2009) or by the comparison of participants under 30 years old with those over 30 years 
old (Brima et a!., 2006). In agreement with Brima et al. (2006), no significant difference 
was found between healthy participants under and over 40 years old (p = 0.189) within 
this study. However, significantly lower arsenic levels were found in participants over 
the age of 60 compared to those between the age of 20 and 59 (Table 5.14). A 
possible explanation for this could be the reduction in ability to concentrate urine 
observed as part of normal aging (Epstein, 1996; Sands, 2008 & 2009). It has been 
reported that subjects aged 60 to 79 had, approximately, a 20 % reduction in maximum 
urine osmolality (measurement of urine concentration) and a 50 % decrease in the 
ability to conserve solute, when compared to two younger age groups (20 -  39 and 40 
-  59 yrs) (Sands, 2008 & 2009). The mechanism for the decrease in urine 
concentrating ability is not yet fully understood (Sands, 2008 & 2009). However, it has 
been found that several key transport proteins that contribute to the urine-concentrating 
mechanism are reduced in aged rats. It has been suggested that if similar changes 
occur in humans it could provide a molecular explanation for the reduced ability to 
conserve water and concentrate urine observed with aging (Sands, 2008). It could, 
therefore, be suggested that the decrease in arsenic concentration observed in urine 
from participants over the age of 60 may be a result of a reduced ability to concentrate
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urine. Furthermore, the decrease in urine levels was more significant in the T2D group 
(p < 0.01) than in the ND group (p < 0.05). This may be due to the additional 
complications associated with type-2 diabetes, such as renal failure, diabetic bladder 
dysfunction or lower urinary tract dysfunction (Ritz et al., 1999; Brown, 2009; 
Daneshgari et al., 2009).
Table 5.14: Total arsenic levels (arithmetic/geometric mean, median, minimum and 
maximum) in urine samples from participants with type-2 diabetes (T2D) and healthy, 
non-diabetic controls (ND) in four age categories: 20 to 39 years old (< 40), 40 years 
old or over (> 40), 20 to 59 years old (< 60) and 60 years old or over (> 60); and the 
statistical difference (Mann-Whitney U-Test) between the age groups.
Group
Age
(Yrs)
Total A rsen ic  C oncentra tion (pg/l A s j) M ann-W hitney U-Test*
A r.x Geo. X S.D. Med. Min. Max. P R elationsh ip
<40 18 108 65.4 131 47.7 21.0 443
0.189 no difference
ND >40 35 54.8 40.0 42.8 38.5 6.13 174
< 60 43 82.0 55.3 92.4 50.6 14.0 443
< 0.05 under > over
> 60 10 33.6 24.1 30.7 26.4 6.13 112
< 60 17 247 173 227 199 12.3 1035
T2D <0.01 under > over
> 60 33 100 50.2 113 48.4 4.66 402
 ^Statistical difference between different age groups, analysed using a Mann-Whitney U-Test (p = probability
level); n = number of samples in group; Ar. % = arithmetic mean; Geo. % = geometric mean; S.D. = standard
deviation; Med. = median; Min. = minimum; Max. = maximum.
5.9.3 Arsenic and diabetes: Influence o f smoking
No statistically significant differences were found between arsenic levels in hair, 
fingernail, toenail, urine, whole blood or blood serum samples from smokers and non- 
smokers (p > 0.05), in either the type-2 diabetes (T2D) or healthy (ND) groups 
(Appendix Table D7). The impact of smoking on arsenic levels in biological samples 
has provided contradictory data within published research. Some studies have found 
higher levels of arsenic in urine (Tseng et al., 2005; Christian et al., 2006), hair (Saad & 
Hassanien, 2001; Arain et al., 2009^) and whole blood (Arain et al., 2009^) from 
smokers compared to non-smokers. On the other hand, in agreement with this study, 
Chiou et al. (1997) and Hinwood et al. (2003) found no influence from smoking on 
arsenic levels in hair or toenail samples. Variations may occur between studies and/or 
individuals due to differences in smoking habit. Within this study the frequency of 
cigarette smoking varied from 2 to 20 cigarettes per day. The type of tobacco may also 
influence arsenic levels. Arain et al. (2009* )^ found higher arsenic levels in unbranded 
cigarettes (range: 2.12 -  2.64 mg/kg Asj) compared to branded cigarettes (range: 0.65 
-  0.72 mg/kg Asj). Furthermore, Saad and Hassanien (2001) found higher arsenic 
levels in hair samples from participants who smoked molasses tobacco compared to 
cigarette smokers.
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5.10 Trace Elements and Diabetes
Trace elements have a concentration range at which they are required for normal 
health (Adair, 2002). Below this threshold trace element deficiencies can occur and 
above the normal range the trace element will become toxic (Adair, 2002). Type-2 
diabetes has been associated with deficiencies or elevations in a range of elements 
(Kazi et al. 2008). The levels of six trace elements (Fe, Mn, Se, U, V, Zn) in biological 
matrices (hair, fingernails, toenails, urine, whole and blood serum) from diabetic and 
non-diabetic adults have been evaluated within this study.
Levels of all six trace elements (Fe, Mn, Se, U, V, Zn) recorded for biological samples 
from healthy participants (ND) were typically within the range of previously published 
trace element levels for healthy subjects (Table 5.15 & 5.16). No statistically significant 
differences in trace element levels in urine, whole blood or blood serum were observed 
between diabetic (T2D) and healthy (ND) participants (Table 5.16). Whereas, 
statistically significant differences were observed for some trace elements in washed 
hair, fingernail and toenail samples (Table 5.15). As previously observed for arsenic, 
differences in trace element levels between diabetic and non-diabetic subjects can vary 
between studies. Findings from this study will be compared to previously published 
research within the following sections.
5.10.1 Diabetes: Iron
No significant differences were observed in levels of iron in urine, whole blood or blood 
serum from diabetic and non-diabetic subjects (Table 5.16). This is in agreement with 
published research (Ekmekcioglu et al., 2001; Cooper et al., 2005; Kazi et al., 2008). 
Although no significant differences in iron levels have been reported, Kazi et al. (2008) 
found slightly lower iron levels in urine and whole blood from type-2 diabetics. 
Furthermore, Cooper et al. (2005) reported slightly lower iron levels in blood serum 
from type-2 diabetics.
In this study a slightly lower median iron level was found in urine from participants in 
the T2D group (median: 1.9 pg/l Fe) compared to the healthy (ND) group (median: 3.0 
pg/l Fe). It has been suggested that elevated iron storage could induce type-2 diabetes 
by increasing oxidative stress, insulin resistance and glucose disposal (Rajpathak et 
al., 2009). Elevated levels of iron storage within the body may cause a lower level of 
iron within blood or urine, which are transport and excretion pathways. Significantly 
lower levels of iron were also found in hair samples from type-2 diabetics. This 
contrasts with findings by Kazi et al. (2008) who reported a significant elevation in iron 
levels in hair from participants with type-2 diabetes. However, in this study no
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significant differences were found in fingernail or toenail iron levels. There are no 
previous reports of iron levels in fingernail or toenail samples from type-2 diabetics.
5.10.2 Diabetes: Manganese
There have been reports of altered manganese metabolism in patients with diabetes 
(Kazi at al., 2008). Manganese is a cofactor in a number of enzymatic systems and it 
has been suggested that manganese is required for normal insulin synthesis and 
secretion (Kazi at al., 2008). In a study on rats, Baly at al. (1984) reported that a 
deficiency in dietary manganese resulted in impaired insulin secretion. However, in this 
study no statistically significant differences were observed in levels of manganese in 
urine, whole blood or blood serum from diabetic and non-diabetic subjects (Table 5.16). 
Nasli-Esfahani at al. (2011) also reported no significant difference between manganese 
levels in blood serum from participants with type-2 diabetes compared to controls. 
However, in the same study they reported a significant elevation in manganese levels 
in urine from subjects with type-2 diabetes. In contrast, Rodriguez Flores at al. (2011) 
reported lower manganese in urine and higher manganese in blood serum from 
participants with type-2 diabetes compared to healthy controls.
A significantly lower level of manganese was found in washed fingernails from the T2D 
group compared to the healthy controls (Table 5.15). No previous published reports are 
available for manganese levels in fingernail samples from type-2 diabetics. 
Furthermore, no significant difference was found in washed hair or toenail manganese 
levels between the two groups. This is in agreement with Nasli-Esfahani at al. (2011) 
who reported no statistical difference in toenail manganese levels of type-2 diabetics. 
However, the levels of manganese in the toenail samples of both healthy and diabetic 
participants (% : 24.5 mg/kg Mn and 30.7 mg/kg Mn, respectively) were significantly 
higher than those found in this study for healthy and diabetic participants (x : 1.2 mg/kg 
Mn and 0.39 mg/kg Mn, respectively).
5.10.3 Diabetes: Selenium
The impact of selenium on diabetes is a debated topic. Studies conducted in the USA, 
a country with a high selenium intake (60 -  220 pg/day) found that high selenium levels 
in blood serum were associated with increased prevalence of type-2 diabetes (Bleys at 
al., 2007; Laclaustra at al., 2009; Stranges at al., 2010). In contrast, studies conducted 
in Spain have noted a significant decrease in selenium levels in blood serum in patients 
with both type-1 (insulin-dependent) and type-2 (non-insulin dependent) diabetes (Ruiz 
at al., 1998; Navarro-Alarcon at al., 1999). It has been suggested that studies 
conducted in the USA where a high selenium intake is common would not necessarily
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be relevant for patients in Europe where selenium intake is typically low (7 -  90 pg/day) 
(Stranges et a i, 2010). The selenium intake of participants in this study is not known.
No significant difference in selenium levels were found for hair, fingernail, urine, whole 
blood or blood serum samples from the T2D and ND groups (Table 5.15 & 5.16). 
However, significantly lower selenium levels were found in toenail samples from type-2 
diabetics compared to healthy controls. This is in agreement with data reported by 
Rajpathak et a i (2005) for male diabetics. Furthermore, the levels of selenium reported 
in this study (range: 0.21 -  0.86 mg/kg Se) are comparable to those in published 
studies (range: 0.14 -  0.60 mg/kg Se) (Rajpathak et a i, 2005; Nasli-Esfahani et a i, 
2011).
5.10.4 Diabetes: Uranium
Uranium has not been associated with elevated risk from diabetes. However, in the late 
19^  ^to early 20th century uranium nitrate was administered as a treatment for diabetes 
(Kathren & Burklin, 2008). To the best knowledge of the author, no data has been 
reported for uranium levels in patients with type-2 diabetes.
Approximately 85 % of the uranium that is not excreted from the body deposits in 
bones and the remaining 15 % predominantly deposits in the proximal kidney tubules 
(Craft et a i, 2004). Therefore, low levels of uranium were found in all biological 
samples with some or all of the samples below the detection iimit (Table 5.15 & 5.16). 
No significant difference in uranium levels were found for hair, toenail, urine, whole 
blood or blood serum samples from the T2D and ND groups (Table 5.15 & 5.16). 
However, significantly lower uranium levels were found in fingernail samples from type- 
2 diabetics compared to healthy controls (p < 0.01). Slightly lower median uranium 
levels were also found in hair samples from participants in the T2D group (median: 
0.03 mg/kg Asj) compared to healthy controls (median; 0.07 mg/kg Asj).
5.10.5 Diabetes: Vanadium
The treatment of diabetes is a major area of research for vanadium with regards to 
human health. Vanadium is known to have an insulin-like action and early animal 
studies reported a sustained fall in blood glucose levels in insulin-deficient rodents 
treated with a vanadium-based compound (Brichard & Henquin, 1995). The first Phase 
I clinical trial of a vanadium-based compound for the treatment of diabetes in humans 
was started in 2000 (Thompson & Orvig, 2006). Although much is known about the 
insulin-like actions of vanadium compounds, little is known about the active species or 
site of action (Grans, 2000). Most human-based studies have been conducted over 
short-time periods and the only reported side effects have been mild, typically
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gastrointestinal disorders (e.g. diarrhoea) (Domingo, 2000). A longer 5 month study 
found that 50 % of the participants reported abdominal pain, weight loss and even 
anorexia (Domingo, 2000). A further concern is long-term side effects following the 
accumulation of vanadium in tissues. Studies on rats have shown accumulation of 
vanadium in the kidneys, spleen, testes, liver and bone (Hamel & Duckworth, 1995; 
Domingo, 2000; Facchini et ai, 2006).
Despite the large amount of research surrounding the positive impact of vanadium on 
diabetes, there is little information regarding vanadium in biological samples from 
humans with diabetes. In this study no significant difference in vanadium levels in 
toenails, urine, whole blood or blood serum was observed between type-2 diabetics 
(T2D) and healthy (ND) controls (Table 5.15 & 5.16). This contrasts with data reported 
by Rodriguez Flores et al. (2011), who found a lower level of vanadium in both urine 
and blood serum of diabetic participants. Ekmekclioglu et al. (2001), on the other hand, 
reported a non-significant increase in vanadium levels in whole blood from diabetes 
patients compared to healthy controls.
The levels of vanadium in hair and fingernail samples were, however, significantly 
lower in samples from type-2 diabetics (T2D) compared to the healthy (ND) controls 
(Table 5.15). No literature range is available for vanadium in hair or fingernail samples 
from type-2 diabetics.
5.10.6 Diabetes: Zinc
Zinc has been considered as a supplement to aid the prevention and treatment of both 
type-1 and type-2 diabetes (Jansen et al., 2009). Zinc can exert insulin-like effects and 
deficiency in zinc can lead to glucose intolerance and the development of diabetic 
complications (Jansen et a i, 2009; Nasli-Esfahani et a i, 2011). Elevated levels of zinc 
in urine have been consistently reported in patients with both type-1 and type-2 
diabetes (e.g. Walter et a i, 1991; Rodriguez Flores et a i, 2011). However, in this 
study, the elevation in zinc levels in urine was not statistically significant (Table 5.16).
Low zinc levels in blood plasma and serum can indicated zinc deficiency (Jansen et ai, 
2009). However, both elevated and decreased levels of zinc have been reported in 
blood serum and plasma. Jansen et a i (2009) suggested that the discrepancies were 
due to differences in type-1 and type-2 diabetes. Within their study they suggested that 
elevated plasma and serum zinc levels were typical in type-1 diabetes, whereas 
decreased plasma and serum zinc was associated with type-2 diabetes. However, 
literature studies contradict this theory with varying zinc levels reported in 
plasma/serum samples from patients with both type-1 and type-2 diabetes when 
compared to healthy control subjects (Navai et a i, 2003; Jansen et a i, 2012). 
Furthermore, in this study no difference was found between zinc levels in either whole
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blood or blood serum from participants in the T2D and ND groups (Table 5.16). 
Significantly lower levels of zinc were, however, found in fingernail samples from 
participants with type-2 diabetes. To the best knowledge of the author, no data has 
been reported for zinc levels in fingernail samples from participants with type-2 
diabetes.
5.11 Summary
The findings from this study have revealed statistically significant differences in arsenic 
levels in some sample types from type-2 diabetics (T2D) and healthy (ND) participants. 
Furthermore, this study has highlighted the importance in analysing a range of sample 
types (hair, fingernail, toenail, urine, whole blood and blood serum) due to the 
variations in arsenic levels and trends in different biological matrices. Tables 5.17 
summarises the arsenic levels recorded in all sample types (hair, fingernail, toenail, 
urine, whole blood and blood serum) from both type-2 diabetic (T2D) and healthy (ND) 
participants. Due to the skewed-distribution of arsenic levels in each sample type non­
para metric tests were conducted to calculate significant differences (Mann-Whitney U- 
Test) and correlations (Spearman rank correlation) between groups of results (e.g. 
comparing hair data from T2D and healthy participants). Furthermore, in order to 
conduct statistical tests, samples with arsenic levels below the detection limit were 
assigned an arsenic concentration of half the detection limit value (Hinwood et a/., 
2003). Therefore, statistical results are considered to be an estimation of the reported 
significant differences and correlations.
Table 5.17: Summary of arsenic levels (median and range) in washed hair, fingernail 
and toenail samples, as well as in urine, whole blood and blood serum samples from 
type-2 diabetic (T2D) and healthy (ND) participants in Eduardo Castex (La Pampa).
Sample Type
T2D ND Mann-Whitney U-Test*
Median Range Median Range P Relationship
Hair (mg/kg) 0.26 <0.05-4.24 0.09 <0.03-1.52 0.111 no difference
Fingernail (mg/kg) 0.12 0.06-5.38 0.69 0.05-10.7 < 0.01 T2D < ND
Toenail (mg/kg) 0.25 0.10-1.37 0.98 0.36-4.10 < 0.01 T2D < ND
Urine (pg/l) 111 4.66-1035 45.0 6.13-443 <0.05 T2D > ND
Whole Blood (pg/l) 6.59 4.37-42.9 6.13 4.36-29.4 0.631 no difference
Blood Serum (pg/l) 51.0 2.54-142 9.56 1.99-33.5 < 0.01 T2D > ND
* Statistical difference between the T2D group and the ND group, analysed using a Mann-Whitney U-Test 
(p = probability level);
No significant differences in arsenic levels were found between hair samples from T2D 
and ND participants. However, significantly lower (probability, p < 0.01) arsenic levels 
were found in both fingernail and toenail samples from T2D participants compared to 
healthy (ND) controls (Table 5.17). The growth of nails can be impaired due to poor 
circulation, a symptom of type-2 diabetes (Jefford & Swain, 2006). This could reduce
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the level of arsenic in washed fingernails or toenails due to lower amounts of arsenic 
getting to the nail bed through poor circulation or potentially because of low arsenic 
uptake into the nail matrix due to poor nail growth. In contrast, significantly higher 
arsenic levels were found in urine (p < 0.05) and blood serum (p < 0.01) samples from 
T2D participants compared to healthy (ND) controls (Table 5.17). The elevated levels 
of arsenic could indicate higher arsenic exposure. Elevated exposure could occur 
through increased consumption of water containing arsenic, changes in diet or due to 
higher arsenic levels in the drinking water. However, to evaluate the exposure levels of 
T2D and ND participants further, in-depth exposure analysis would be required. 
Furthermore, evaluation of fluctuations in arsenic exposure levels would also need 
monitoring. Significantly higher arsenic levels were recorded in urine samples from 
participants (T2D and ND) who provided samples in May to June 2012, compared to 
those who provided samples in May to June 2011 (p < 0.01). The changes in exposure 
may occur due to fluctuations in rainfall. The area around Eduardo Castex is within a 
transition zone between the humid temperate climate of the east and the steppe 
climate of the west. The area is, therefore sensitive to abrupt changes in rainfall (Pérez 
et ai, 2011; Pérez & Sierra, 2012).
Blood serum, whole blood and urine are all biomonitors for recent exposure to arsenic 
(Karim, 2000; Mazumder, 2000). In contrast, hair, fingernail and toenail samples are 
typically markers for past exposure due to their slow rate of growth (Slotnick & Nriagu,
2006). Significant positive correlations were observed between arsenic levels in urine 
and those in blood serum/whole blood across the whole study group (p < 0.01). 
Although not significant, positive correlations were maintained when evaluating the 
T2D and ND groups individually. This indicates a strong relationship between the 
arsenic levels in each of these sample types. In contrast, the correlations between 
hair/fingernails and urine/blood serum varied with both positive and negative 
relationships occurring depending on sample type and group (T2D or ND). This may 
reflect the different exposure times represented by each sample type. As previously 
mentioned, urine samples collected in 2011 and 2012 (May -  June) contained 
significantly different arsenic levels (p < 0.01). If this difference was caused by a 
change in arsenic exposure it may imply that the arsenic exposure levels fluctuate over 
time: thus explaining the poor correlations between sample matrices within the ND and 
T2D groups, due to the different exposure-periods represented by each sample type.
Mann-Whitney U-Tests were used to evaluate the influence of three co-factors (gender, 
age and smoking) on the levels of arsenic in washed hair, fingernail and toenail 
samples, as well as urine, whole blood and blood serum samples from the T2D and ND 
groups. Smoking had no significant influence on arsenic levels in any of the sample 
types (p > 0.05). Furthermore, gender had minimal influence on arsenic levels and a
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significant difference was only observed for toenails from healthy participants (females 
> males). In contrast, age had a significant impact on arsenic levels in hair and urine. 
Healthy participants between the ages of 20 to 39 years old had significantly (p < 0.05) 
higher levels of arsenic in their hair than those over 40 years old. Furthermore, in the 
location-based study (Chapter 4) children/adolescents (< 20 yrs) had the highest 
arsenic levels in hair (section 4.8.2). Median arsenic levels from each age group 
decreased with increasing age, up to 59 years old. The decrease could occur due to 
changes in arsenic exposure level or through changes in the cystine content of hair 
fibres (amino acid with disulphide group which binds to arsenic). Although no 
consistent relationship has been found between age and the cystine content of hair 
(Robbins, 2012), the disulphide content in hair can be impacted by factors such as diet, 
cosmetic treatment and environmental effects (e.g. sunlight degradation). Variations in 
lifestyle may occur between age groups (e.g. different amounts of cosmetic treatment 
of hair) which may subsequently cause a variation in the cystine content of hair with 
age. If the cystine content of hair decreased with age, it could subsequently cause a 
decrease in the amount of arsenic in the hair.
The arsenic content in urine was significantly lower in T2D (p < 0.01) and ND (p < 0.05) 
participants over the age of 60 years, compared to those between the age of 20 and 59 
years. The lower arsenic levels may occur due to a natural aging process. The ability to 
concentrate urine decreases with normal aging (Epstein, 1996; Sands, 2008 & 2009). It 
could, therefore, be suggested that the decrease in arsenic concentration observed in 
urine from participants over the age of 60 may be a result of a reduced ability to 
concentrate urine.
In addition to arsenic, the levels of six trace elements (Fe, Mn, Se, U, V, Zn) in hair, 
fingernail, toenail, urine, whole blood and blood serum were also measured. No 
significant differences in any of the trace elements were observed in urine, whole blood 
or blood serum samples from the T2D and ND groups (p > 0.05). However, some 
differences were observed in hair, fingernail and toenail samples. The differences 
varied with sample type, for example significantly lower levels of vanadium were found 
in hair and fingernail samples from the T2D group (p < 0.01), whereas no difference 
was observed for toenails. Where a significant difference did occur, the trace element 
was always lower in the T2D participants. However, no specific conclusions can be 
made from this data.
In conclusion, significant differences occur between arsenic levels in biological samples 
from type-2 diabetics and healthy controls. However, the trends vary between sample 
types. This highlights the importance of collecting more than one sample type. For 
example, evaluating hair samples only may indicate that no difference in arsenic
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exposure occurs between type-2 diabetics compared to healthy subjects; whereas the 
analysis of blood serum indicates a significantly higher level of arsenic in type-2 
diabetics compared to healthy subjects. Although not conclusive, the findings from this 
study show a significant difference in arsenic levels in blood serum and urine and this 
may indicate a relationship between arsenic exposure and type-2 diabetes, as seen in 
previous published research (e.g. Rahman et al., 1998; Tseng et al., 2000; Meliker et 
al., 2007). The population of Eduardo Castex does have access to drinking water with 
low arsenic levels through the introduction of a reverse osmosis treatment. However, 
the use of treated water may be limited due to availability and cost, therefore water with 
high arsenic levels may still be used for cooking, washing and drinking. The 
significantly higher arsenic levels found in biological samples from residents in Eduardo 
Castex compared to other regions of Argentina (Chapter 4) and the potential link to 
diabetes found in this study highlights the requirement for a low-cost arsenic 
remediation treatment. Arsenic removal methods have been evaluated as part of this 
study and the results are discussed in Chapter 6.
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6.0 Introduction
Arsenic exposure levels in drinking water vary between locations in Argentina. Arsenic 
levels higher than the guideline limit for arsenic in drinking water (10 pg/l Ast) set by 
the World Health Organisation (WHO, 2008) were found in water from Los Menucos 
(range: 9.3 -  35.8 pg/l Asy) and Eduardo Castex (range: 24.9 - 946 pg/l Asy) (sections
3.2 & 3.3). Furthermore, significantly higher arsenic levels (p < 0.01) were found in hair, 
fingernail and toenail samples from these regions compared to the control region of 
General Roca (water range: < 0.2 -  7.6 pg/l Asy) (sections 4.3 -  4.5). Arsenic removal 
technology is used in Eduardo Castex (reverse osmosis) which provides treated water 
with low arsenic levels ( < 1 0  pg/l Asy) for residents to purchase. However, the high 
levels of arsenic found in biological samples in Eduardo Castex highlights the 
requirement for a low-cost household arsenic removal technique to treat water used for 
drinking (including mate) and cooking.
Several materials (e.g. iron oxide, aluminium salts, biomass) have been evaluated in 
the literature for arsenic removal from water. Two of the most common materials used 
are iron oxide and hydroxide (section 1.6.1). It has been reported that iron (hydr)oxides 
naturally form complexes with inorganic arsenic species, namely arsenate (e.g. 
H2ASO4 ) and arsenite (e.g. H2ASO3 ) (Cheng et al., 2009). The type of surface 
complexes that occur remains an area of debate and is discussed in further detail in 
section 1.6.1.1. In this study iron (III) oxide (Fe2 0 3 ) and iron (III) hydroxide (Fe(0 H3 )) 
are evaluated in comparison to the iron oxyhydroxides formed in situ during 
electrocoagulation (section 1.6.2). Iron (III) oxide and hydroxide will be referred to as 
iron oxide, iron hydroxide or iron (hydr)oxide throughout this section.
There are two primary mechanisms for the removal of inorganic arsenic species by 
iron-based materials: direct adsorption (e.g. hydrogen bonding) or ion exchange (Jia et 
al., 2007; Cheng et al., 2009). Negatively charged arsenic species (e.g. arsenate, 
H2ASO4  ) can form surface complexes by ligand exchange with hydroxyl groups. Iron 
(hydr)oxides can remove arsenic by using both direct adsorption and ion exchange 
mechanisms. Adsorption can occur via two pathways: non-specific (outer-sphere) or 
specific (inner-sphere) complexation (section 1 .6 .1 .1 ).
Both non-specific complexation and ion exchange are strongly dependent upon the 
ionic strength of the anions and on the charge of the surface (Cheng et al., 2009). The 
pH of a solution can influence the ionic charge of an ion and of the ions on the surface 
of a material. It is, therefore, important to evaluate the impact of pH on arsenic removal 
in order to fully understand the capability of a method when applied to water samples 
from locations in Argentina. The impact of pH on the removal of arsenic by iron
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(hydr)oxide, and electrocoagulation has been evaluated, and the results presented in 
sections 6.1.4 and 6.2.2, respectively.
The removal of arsenic relies upon the availability of adsorption or ion exchange sites 
on the material’s surface. A natural aqueous system will contain additional anions 
which may compete for surface adsorption or ion exchange sites (sections 1.6.1.3). 
Both phosphate and sulphate have previously been reported as reducing the efficiency 
of arsenic removal from water. The effect of phosphate and sulphate on the removal of 
both arsenate (iAs^) and arsenite (iAs"‘) by iron (hydr)oxide, and electrocoagulation has 
been evaluated (sections 6.1.5 and 6.2.3).
The electrocoagulation technique has also been evaluated in Argentina at several 
locations with known or suspected high levels of arsenic in water. These tests will 
further the understanding of how the technique performs in field-based tests rather than 
in laboratory-based experiments, thus determining the suitability of the technique for 
arsenic remediation purposes in rural communities (section 6.3).
6.1 Iron (III) Oxide and Hydroxide
Iron oxide and hydroxide (commercial) have been evaluated in laboratory-based tests 
for the removal of arsenite (iAs"‘) and arsenate (iAs^) from aqueous solutions. The 
impact of contact time, pH and competing anions (phosphate and sulphate) on the 
removal efficiency have been discussed in sections 6.1.3 to 6.1.5.
6.1.1 Arsenic rem ovai test m ethod
The ability of solid phase materials (SPM) to remove arsenic from water can be studied 
by the means of column or batch equilibrium tests (Daus at al., 2004). Column tests 
involve the use of columns packed with the SPM and a set volume of the solution is 
passed through the column at a predefined flow rate, for a set period of time. Batch 
equilibrium tests, on the other hand, involve closed systems where the SPM remains in 
contact with a set volume of the solution within a container for a predetermined period 
of time. For the purpose of this study batch equilibrium tests were used to provide a 
suitable comparison to the batch electrocoagulation tests conducted in the laboratory 
and in the field (sections 6.2 and 6.3). Batch equilibrium testing, followed by analysis by 
inductively coupled plasma mass spectrometry (ICP-MS), was utilised to evaluate the 
As-removal capabilities of two materials: iron oxide (Fisher Scientific Ltd, 
Leicestershire, UK) and iron hydroxide (Bayer AG, Leverkusen, Germany).
A batch equilibrium test was previously developed (Fleming, 2001) and has been 
adapted for the purpose of this study (Fig. 6.1). The following section outlines the 
general method used, however specific details, such as pH, SPM mass and solution 
volume are defined within each individual section.
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A predetermined mass of each material was weighed into a clean polypropylene bottle 
(mass & bottle size dependent upon study -  stated in each section). A 1000 pg/l 
arsenic standard solution of each arsenic species (arsenite: iAs'", and arsenate: iAs^) 
was prepared in distilled deionised water (DDW) (18 MQ/cm^) from stock solutions of 
1000 mg/l (High Purity Standards, British Greyhound, Birkenhead). The pH of each 
solution was not altered prior to analysis (iAs'" pH 3.4; iAs  ^pH 11.2) unless required in 
the pH and competing anion tests. A set volume of the 1000 pg/l arsenic solution (iAs'" 
or iAs^) was added to the sample bottle. The test solution was immediately placed on a 
HS250 mechanical shaker (IKA® Werke GmbH, Staufen, Germany) and was vigorously 
shaken for a set period of time at a speed of 180 motions/min. After shaking, a 5 ml 
aliquot of the resulting solution was immediately transferred to a clean 15 ml centrifuge 
tube using a 5 ml BD™ plastic syringe (Becton Dickinson Ltd, Oxfordshire, UK) and 
simultaneously filtered through a 0.45 pm syringe filter (Millex, Millipore, Bedford, 
USA). The filtered sample was subsequently analysed using an Agilent 7700x 
inductively coupled plasma mass spectrometer (ICP-MS, Agilent, UK).
Discard SPM
Add Y ml of a 1000 pg/l arsenic solution
Vigorously shaken for Z minutes at 180 motions/min
Resultant solution analysed by ICP-MS
Sample filtered (0.45 pm) and transferred into clean 15 ml 
centrifuge tubes
X g sample of each material weighed into a clean, dry 
polypropylene bottle
Fig. 6.1: Batch equilibrium method for the evaluation of solid phase materials (SPM) for 
the removal of arsenic from synthetic water solutions.
6.1.2 Adsorbent dose
Tests were conducted to evaluate the efficiency of arsenate (iAs^) and arsenite (iAs'") 
removal using iron oxide and hydroxide. The results of these tests enabled the 
calculation of the adsorbent dose required to allow further evaluation of the removal 
performance of each material under varying water chemical conditions (i.e. pH and 
competing anions). Previous literature reports have applied a wide variety of iron oxide
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and hydroxide doses and initial arsenic concentrations for the experiments. Adsorbent 
doses have ranged from 0.01 g/l (Saha et a i, 2005) to 10 g/l (Guan et a i, 2008). The 
initial arsenic concentrations are often not directly comparable to those utilised within 
this study as extremely high concentrations (up to 2000 mg/l) have been applied (e.g. 
Guan et a i, 2008). Within this study the adsorbent dose was varied between 0.1 and 3 
g/l, covering the adsorbent dose range for the studies in the literature which used 
similar initial arsenic concentrations ( -  1000 pg/l As). The method and findings are 
outlined within the subsequent sections.
6.1.2.1 Method
During the initial tests the adsorbent mass was varied (0.025 -  0.15 g) while 
maintaining a solution volume of 25 ml. A small adsorbent mass was used due to 
limited the availability of iron hydroxide (provided by water treatment works in Ingeniero 
Luigi, Argentina). The batch equilibrium tests (general method defined in section 6.1.1) 
were conducted in duplicate for 48 hours and no pH adjustments were made (iAs'" pH 
3.4; iAs  ^ pH 11.2). A filtered sample was taken both before and after each batch test 
for analysis by ICP-MS. Results will be referred to in adsorbent dose (g/l) to allow 
comparisons to be made when varying mass or volume.
6.1.2.2 Adsorbent dose determination
The percentage removal of arsenite (iAs'") by iron oxide continually decreased as the 
adsorbent dose decreased (< 3 g/l) (Fig. 6.2). On the other hand, the removal of 
arsenate (iAs^) remained high (> 95 %) at absorbent doses between 1 and 3 g/l. A 
significant decrease (67.8 ± 1.7 %) in iAs  ^ removal was observed at 0.5 g/l of iron 
oxide (Fig. 6.3). A possible explanation for the decrease in arsenic removal is that the 
number of available adsorption sites (e.g. =Fe-OH]’^^ )^ on the surface of iron oxide 
reduces as the adsorbent dose decreases, due to a decrease in surface area.
In contrast, iron hydroxide maintains a removal greater than 97.3 % for both iAs^ and 
iAs'" at adsorbent doses of 0.5 to 3 g/l (Fig. 6.2). This would suggest that iron 
hydroxide has a higher removal capacity for both iAs'" and iAs ,^ when compared to iron 
oxide. This may occur if the surface has a greater number of adsorption sites, or a 
larger number of higher reactivity adsorption sites. The surface sites on iron 
(hydr)oxides are heterogeneous and several adsorption sites of different reactivity have 
been identified (Barron & Torrent, 1996). However, further tests would need to be 
conducted to allow saturation of the adsorption sites on the iron (hydr)oxide to occur, 
thus enabling the determination of the capacity for iAs'" and iAs  ^removal.
In order to determine the impact of physical and chemical parameters, such as pH and 
competing ions, on arsenic (iAs'" or iAs^) removal, it is important to remove less than
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100 % of arsenic from the water within the experiment time scale. A removal of 100 % 
would obscure any differences in arsenic removal between materials and conditions. 
Therefore, further tests were conducted using iron hydroxide at lower adsorbent doses: 
0.025 g iron hydroxide in 100 ml (0.25 g/l dose) and 250 ml (0.1 g/l dose). The volume 
was altered instead of adsorbent mass to minimise errors created by using increasingly 
smaller masses of SPM.
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Fig. 6.2: Arsenate: iAs ,^ and arsenite: iAs'", removal by iron oxide and hydroxide from 
a 1000 pg/l As solution with increasing adsorbent dose (± standard deviation displayed 
as an error bar: n = 2).
Percentage arsenate (iAs^) removal was found to decrease significantly when the iron 
hydroxide dose was lowered to 0.25 g/l (22.0 ± 0.68 %) and no iAs  ^ removal was 
observed at a 0.1 g/l dose (Fig. 6.3). Arsenite (iAs'") removal also began to decrease 
when the adsorbent dose was below 0.5 g/l: 84.5 ± 0.41 % (0.25 g/l) and 17.9 ± 5.8 % 
(0.1 g/l).
To further evaluate the efficiency of arsenic removal from water, contact time, pH and 
competing anion (phosphate and sulphate) tests were conducted. As previously 
mentioned arsenic removal levels below 100 % are required to fully understand the 
differences in removal caused by the assorted variables. Therefore, adsorbent doses of 
1 g/l and 0.25 g/l were selected for iron oxide and hydroxide, respectively. The variation 
in adsorbent dose used for further tests will be taken into consideration when 
evaluating the results discussed in the next sections.
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6.1.3 Contact time
Evaluating the impact of contact time can highlight variations in the removal of arsenic 
(e.g. rate of removal). Therefore, a set of experiments were conducted to observe the 
removal pattern over 48 hours. Each test was conducted at a neutral pH (7.0 ± 0.3) in 
order to evaluate each material at a typical pH level for drinking water.
6.1.3.1 Method
Batch experiments were conducted on 1 litre, 1000 pg/l iAs'" or iAs  ^solutions for a 48 
hour period. Sub-samples (5 ml) were taken at set time intervals using a 5 ml BD™ 
plastic syringe (Table 6.1). The pH of the original solution was adjusted using 5 % (v/v) 
Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) and 1 M sodium hydroxide 
(AnalaR®, BDH Laboratory Supplies, UK). The pH of the solution was monitored at the 
time of extracting each sub-sample (except 1 minute) and adjusted to maintain it to 
within pH 7.0 ± 0.3. Solution pH was measured using a calibrated Hanna HI 98129 
Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, UK).
Table 6.1 : Experimental conditions for arsenic removal tests investigating the impact of 
contact time on the removal efficiency of iron oxide and hydroxide.
Condition Values
Sample extraction times 0, 1, 10, 20, 30, 60 (1), 120 (2), 240 (4), 360 (6 ), 720 (12),
(minutes) *hours in brackets 1440 (24). 2160 (36), 2880 (48)
pH 7.0 ±0.3
6.1.3.2 Effect of contact time
The impact of contact time can be evaluated by: initial percentage removal of arsenic 
( 0 - 1 2 0  minutes) and the point of saturation.
The initial percentage rem oval of both iAs'" and iAs  ^ was faster for iron oxide than 
iron hydroxide (Fig. 6.3). After a contact time of 1 minute 23.7 ± 0.2 % iAs'" and 29.0 ±
3.6 iAs  ^was removed from the solution by iron oxide. In comparison, only 3.7 ± 0.2 % 
iAs'" and 8.1 ± 2.6 % iAs  ^ was removed by iron hydroxide. The removal of iAs'" and 
iAs  ^by iron oxide began to gradually plateau at approximately 10 minutes, after which 
arsenic removal only increased by 10.2 % for iAs'" and 1.7 % for iAs  ^ up to 120 
minutes. In contrast, arsenic removal by iron hydroxide continued to gradually increase 
and a further 21.1 % iAs'" and 11.7 % iAs  ^was removed between 10 and 120 minutes. 
The slower initial rate of removal may be due to a rate-limiting step for iron hydroxide. 
Iron hydroxide is a porous material (Saha et a/., 2005) and may contain a greater 
number of adsorption sites within the pores than for iron oxide. Previous studies have 
shown that intraparticle diffusion within the pores of a material can act as a rate-limiting 
step for arsenic adsorption (Badruzzaman etal., 2004; Lin & Wu, 2001).
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Fig. 6.3: Arsenate: iAs ,^ and arsenite: iAs'", removal by iron oxide and hydroxide from 
a 1000 pg/l As solution with increasing contact time ( 0 - 1 2 0  minutes) at pH 7.0 (± 
standard deviation displayed as an error bar: n = 2).
After a contact time of 6 hours (360 min) the removal of IAs'" by iron hydroxide became 
greater that the removal by iron oxide (Fig. 6.4). The same occurred after 12 hours 
(720 min) for iAs  ^ (Fig. 6.4). The removal of arsenic by iron hydroxide continued to 
increase and the percentage removal at 48 hours for IAs'" and iAs  ^was 78.5 ±1 .0  % 
and 81.2 ± 5.4 %, respectively. Much lower percentage removals were observed for 
replicate iron oxide tests, with 58.1 ± 0.04 % iAs'" and 45.5 ± 3.5 % iAs  ^ removed after 
48 hours.
The point o f saturation can be determined as the point at which no further arsenic is 
removed from the solution. Removal of iAs  ^ by iron oxide appeared to plateau at 12 
hours and only a small change in the percentage removal (+A 1.8 %) occurred 
between 12 and 48 hours. In contrast, the point at which iron hydroxide becomes 
saturated with iAs  ^ is not reached within 48 hours and removal continues to increase, 
with a further 12.7 % iAs  ^removed between 36 and 48 hours.
The removal of iAs'" by iron oxide began to level out after 24 hours but still continued to 
increase gradually with 3.4 % removed between 36 and 48 hours contact time. This 
suggests that the removal of iAs'" is not quite at the point of saturation within the 48 
hour contact time period. The removal of IAs'" by iron hydroxide also continues to 
gradually increase and does not plateau within the 48 hour time period.
At a contact time above 20 min for iron oxide, iAs'" typically has a higher percentage 
removal than iAs ,^ and after 48 hours 58.1 ± 0.04 % iAs'" and 45.5 ± 3.5 % iAs  ^was
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removed by iron oxide (Fig. 6.4). This contrasts with data reported by Wilkie and Hering 
(1996) who observed stronger iAs  ^ (~ 100 %) adsorption compared to iAs'" (~ 70 %) 
adsorption by iron oxide at pH 7. However, a contact time of 2 hours was used 
compared to the 48 hour contact time used in this study. Pierce and Moore (1980, 
1982) conducted a 24 hour experiment and reported a higher removal of iAs'" (~ 70 %) 
than of iAs  ^(~ 60 %) at pH 7. This was also observed in this study.
(a) 100 
S ' 90
5) 20
500 1000 1500
Contact Time (min)
30002000 2500
(b)
i
E
S.
Q>U)
5
c0)
EoQ.
Iron oxide iAs(V) •Iron hydroxide iAs(V)
80
70
60
50
40
30
20
10
0
30000 500 1000 1500 2000 2500
Contact Time (min)
—♦—Iron oxide iAs(lll) —A—Iron hydroxide iAs(lll)
Fig. 6.4: (a) Arsenate: iAs ,^ and (b) arsenite: iAs'", removal by iron oxide and hydroxide 
from a 1000 pg/l As solution with increasing contact time (0 -  2280 minutes = 0 - 4 8  
hours) at pH 7.0 (± standard deviation displayed as an error bar: n = 2).
A high percentage removal was observed for both IAs'" (78.5 ± 1.0 %) and iAs  ^ (81.2 ±
5.4 %) by iron hydroxide. This data compares well with that reported by Daus et al. 
(2004) for iron hydroxide: > 90 % iAs  ^ removal after 24 hours. However, they reported 
a lower removal of iAs'" (~ 50 %) compared to iAs  ^ (~ 70 %) in batch tests at pH 7 after 
5 hours contact time. Whereas in this study a higher iAs'" removal percentage was
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observed after a similar contact time, with 49.2 ± 3.3 % removal of IAs'" compared to
32.5 ± 6.9 % removal of lAs  ^after 6  hours (Fig. 6.5).
6.1.4 Factors influencing rem ovai efficiency: pH
The pH of an aqueous system is known to have an effect on the type of arsenic 
species present (Fig. 1.2) (Mohan & Pittmann, 2007). Arsenate (iAs^) has a low pKai 
(2.3) and is charged over a wide pH range, whereas arsenite (iAs'") does not become 
charged until pH 9.2 (Table 1.1.3) (Sharma & Sohn, 2009). The pH of a solution can 
influence the charge of the arsenic species and the surface charge on the adsorbent 
material (section 1.6.1.2). Therefore, pH has been evaluated in published research in 
terms of iAs  ^and iAs'" removal from water (section 1.6.1.2).
Table 6.2: Experimental conditions for arsenic removal tests investigating the impact of 
pH on the removal efficiency of iron oxide and hydroxide.
Condition Values
Sample extraction times 0, 1, 10, 20. 30, 60 (1), 120 (2), 240 (4). 360 (6), 720 (12),
(minutes) ‘ hours in brackets 1440 (24), 2160 (36), 2880 (48)
pH (± 0.3) 1.0, 3.0, 5.0, 7.0, 9.0,11.0,12.0
The pH range for water samples collected as part of this research (Chapter 3) range 
from acidic (rio Agrio: < pH 2) to mildly alkaline (Eduardo Castex: ~ pH 9). Water 
samples from these locations will be used to evaluate the electrocoagulation technique 
(section 6.3). Therefore a wide pH range was selected for the laboratory-based 
experiments (pH 1 -  12) in order to fully understand the efficiency of arsenic removal 
under different pH conditions.
6.1.4.1 Method
The impact of pH on iAs'" and iAs  ^ removal was tested across the pH range 1 to 12. 
Batch equilibrium experiments were conducted on 1 litre, 1000 pg/l As solutions for a 
48 hour period. Sub-samples (5 ml) were taken at set time intervals (Table 6.2) using a 
5 ml BD™ plastic syringe. The pH of the original solution was adjusted using 5 % (v/v) 
Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) and 1 M sodium hydroxide 
(AnalaR®, BDH Laboratory Supplies, UK). The pH of the solution was monitored at the 
time of extracting each sub-sample (except 1 minute) and adjusted to maintain it within 
± 0.3 of the required pH. Solution pH was measured using a calibrated Hanna HI 
98129 Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, UK).
6.1.4.2 Effect of pH
Arsenite (iAs'") occurs as an uncharged species (H 3ASO3) until pH 9.2 ( p K a i ) .  However, 
significant removal of IAs'" was observed at pH levels below 9.2. An increase in the 
percentage removal of IAs'" was observed over the acidic pH range: pH 1 to 3 for iron
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oxide and pH 1 to 7 for iron hydroxide. Similar observations have been made with other 
iron-based materials (Mondai et al., 2007; Zhu et al., 2009). It has been suggested that 
the adsorption of iAs"' species may occur at acidic pH levels due to the ability of Fe '^’ to 
oxidise iAs'" to iAs  ^ (Mondai et al., 2007), thus creating a charged species in acidic 
solutions (iAs^ pKgi = 2.3). However, if iAs'" oxidation were to occur the species 
adsorbed onto the surface of the iron (hydr)oxide would be iAs .^ Therefore, it could be 
assumed that the removal of IAs'" would decrease from pH 3 to 12, as is observed for 
iAs  ^ (Fig. 6 .6 ). In contrast, IAs'" removal increased from pH 1 to 3 for iron oxide and 
from pH 1 to 7 for iron hydroxide and the removal of iAs'" did not decrease until pH 11.
An alternative explanation would be the deprotonation of the iAs'" species during the 
adsorption process. Jain et al. (1999) reported a net release of H  ^ (pH 4.6), attributed 
to the deprotonation of the H3ASO3 species during the adsorption reaction with 
ferrihydrite (Fe3 0 2  O.5 H2 O) (e.g. Eq. 6.1). The extent of deprotonation will increase as 
the pH level rises (Zhu et al., 2009), thus increasing the percentage removal of IAs'", as 
observed in this study (Fig. 6 .6 ). In all equations within this section the symbol refers 
to the charge of the surface group as reported by Jain et al. (1999).
Fe-(OH2 )2] '^ + H3ASO3 ^  Fe|0 2 As(0 H)]"' + 2 H2 O + 2H"
Eq. 6.1: Possible reaction mechanism for the formation of a mononuclear bidentate 
complex between arsenite (H3ASO3 ) and the surface of an iron (hydr)oxide adsorbent 
material at pH < 9.2 (Jain et al., 1999).
Fe|(0 H)2 ]"' + H2ASO3 - -> Fe|0 2 As0 H]"' + H2 O + OH'
Eq. 6.2: Possible reaction mechanism for the formation of a mononuclear bidentate 
complex between arsenite (H2ASO3 ) and the surface of an iron (hydr)oxide adsorbent 
material at pH > 9.2 (Jain et al., 1999).
The pKai of iAs'" is 9.2 and at levels above this pH iAs'" becomes a charged species 
(H2ASO3 ). The species can, therefore, directly exchange with OH' surface groups 
without deprotonation (e.g. Eq. 6.2). At pH 9.2 a net release of OH' was reported during 
the reaction of H2ASO3 ' with the surface of ferrihydrite, as would be expected due to 
ligand exchange with OH' groups (Jain et al., 1999). However, the surface of the 
adsorption material also becomes increasingly negative with increasing pH and at 
levels above the pH of zero point charge (pHzc), the surface will have an overall 
negative charge (section 1.6.1.2). The pHzc for iron (III) oxide and iron (III) hydroxide 
has been calculated as pH 8  (Mondai et al., 2007; Guan et al., 2008). Iron (hydr)oxide) 
will, therefore, have a negatively charged surface at pH levels greater than 9.2 when 
IAs'" becomes a negatively charged species (H2ASO3 ). This means that electrostatic
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repulsion can occur between the As species (H2ASO4 ) and the negatively charged 
adsorption sites (e.g. =Fe-OH]'^^^) on the surface of the iron (hydr)oxide. This repulsion 
would inhibit adsorption and thus create a decrease in iAs'" removal at pH > 9.2, as 
observed in this study at pH 11 and 12 (Fig. 6 .6 ).
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Fig. 6.5: Arsenite: iAs'", removal by iron oxide and hydroxide from a 1000 pg/l As 
solution with increasing pH (± standard deviation displayed as an error bar: n = 2).
Fe|(OH2 )2]*' + H2ASO4 - ^  Fe|0 2 As(0 H)2]° + 2 HÿO
Eq. 6.3: Possible reaction mechanism for the formation of a mononuclear bidentate 
complex between arsenate (H2ASO4  ) and the surface of an iron (hydr)oxide adsorbent 
material at pH 4.6 (Jain et al., 1999).
Fe-(OH)] ''^  + HAsO/' Fe-OAs{0 )3]'“  + H2 O
Eq. 6.4: Possible reaction mechanism for the formation of a mononuclear monodentate 
complex between arsenate (HAs0 4  ^) and the surface of an iron (hydr)oxide adsorbent 
material at pH 9.2 (Jain et a!., 1999).
The behaviour of arsenate (lAs^) over the pH range 1 to 12 is completely different to 
that of arsenite. Arsenate has an acidic pKai (2.3) and is therefore a negatively charged 
species (H2ASO4 ', HAs0 4 '^, As0 4 '^) across most of the test pH range (pH 3 - 1 2 ) .  The 
percentage removal of iAs  ^ by both iron oxide and hydroxide reached a maximum at 
pH 3.0 (64.2 ± 0.3 % and 99.9 ± 0.04 %, respectively). Guan et ai. (2008) reported a 
similar pattern for iAs  ^ removal at high As concentrations (1000 mg/l) in water. Jain et 
ai. (1999) reported a net release of OH' for the reaction of iAs  ^at both pH 4.6 (H2ASO4  ) 
and pH 9.2 (HAs0 4  ^), with OH' release increasing at the higher pH level. It was 
suggested that the increase occurred due to the preferential desorption of -OH2 groups
189
Chapter 6: Arsenic Removal from Water
instead of -O H  groups at pH 4.6, as both surface groups are likely to be present at 
lower pH levels (Jain etal., 1999).
The removal of iAs  ^decreased between pH 3 and 12 (Fig. 6 .6 ). This can be attributed 
to the decreasing positive charge of the iron (hydr)oxide surface with increasing pH 
(=Fe-0 H2 pK = 5.1; =Fe-OH pK = 10.7) (Jain et a!., 1999). This would, therefore, 
increase the electrostatic repulsion between the As species (e.g. H2ASO4 ) and the 
negative adsorbent surface (e.g. =Fe-OH]'^^^) (Raven et ai., 1998). it has also been 
suggested that a net weakening of the bond between arsenic and the surface iron 
occurs due to an increase in the number of monodentate ligands compared to 
bidentate ligands (Eq. 6.3 & 6.4) (Jain et a!., 1999). However, Fourier transform 
infrared (FTIR) spectroscopy data reported by Jia et ai. (2007) indicated that binuclear 
bidentate complexes occur at higher pH levels (pH 8 ).
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Fig. 6 .6 : Arsenate: iAs ,^ removal by iron oxide and hydroxide from a 1000 pg/l As 
solution with increasing pH (± standard deviation displayed as an error bar; n = 2).
6.1.5 Factors influencing rem oval efficiency: competing anions
The presence of phosphate and sulphate in an aqueous system has been reported to 
influence the removal efficiency of iAs'" and iAs  ^ using iron-based materials (section 
1.6.1.3). A reduction in both iAs  ^and iAs'" removal has been observed in the presence 
of phosphates (e.g. Gupta et a!., 2009; Jain & Loeppert, 2000; Jeong et a!., 2007^ Su 
& Puls, 2001). A greater variation in results has been reported for sulphates, with some 
authors reporting no effect on iAs  ^ removal (Jain & Loeppert, 2000; Jeong et a/., 
2007^), and others reporting an enhancement in iAs  ^removal (Zhang et ai., 2004).
Phosphate levels in natural water systems are typically below 1 mg/l with a reported 
range from less than 0.01 to 3.7 mg/l (Meng et a!., 2002; Jeong et a!., 2007^; Ciardelli 
et a/., 2008). Therefore a concentration range of 0.5 to 5 mg/l P O /' was used in this
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study. Sulphate levels are typically much higher ranging from 6 . 8  to 3200 mg/l S O /' In 
ground water systems In Argentina (Smedley et al., 2002; Garcia et al., 2004). 
However, In order to compare with phosphate the same concentration range was 
utilised (0.5 -  5 mg/l S O /').
At pH 7.0 arsenate Is present as both H2ASO4 ' and HAs0 4 '^ (pKa2  = 6 .8 ); whereas, 
arsenite remains as an uncharged species (H3ASO3 , pKai = 9.2) (Sharma & Sohn, 
2009). However, throughout this section these anions will continue to be referred to as 
lAs  ^and IAs'", respectively. Phosphoric and sulphuric acid will also occur as anions at 
pH 7.0 (Table 6.3) and throughout the following sections will be referred to as 
phosphate (H2 PO4 ' and HP0 4 '^) and sulphate (S0 4 ‘^).
Table 6.3: Add dissociation constants for phosphoric and sulphuric add (HARV, 2012).
Acid pKai pKa2 pKaS
Phosphoric acid (H3PO4) 2.12 7.21 12.32
Sulphuric acid (H2SO4) - 1.99 -
6.1.5.1 Method
The Impact of phosphate and sulphate on IAs'" and lAs  ^ removal was tested using 
Increasing anion concentrations (0.5, 1, 2.5, 5 mg/l) prepared from 10000 mg/l P0 4 '^ ' or 
1000 mg/l S0 4 '^ stock solution (Aristar®, BDH Labororatory Supplies Ltd, UK). Batch 
equilibrium experiments were conducted on 0.5 litre, 1000 pg/l IAs'" or lAs  ^solutions for 
6  hours. Sub-samples (5 ml) were taken at set time Intervals (Table 6.4) using a 5 ml 
BD™ plastic syringe. The pH of the original solution was adjusted to 7.0 ± 0.3 using 5 % 
(v/v) Aristar® nitric add (Fisher Scientific Ltd, Leicestershire, UK) and 1 M sodium 
hydroxide (AnalaR®, BDH Laboratory Supplies, UK). The pH of the solution was 
monitored at the time of extracting each sub-sample (except 1 minute) and adjusted to 
maintain It at pH 7.0 ± 0.3. Solution pH was measured using a calibrated Hanna HI 
98129 Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, UK).
6.1.5.2 Effect of competing anions
Phosphate (H2PO4' and HP0 4 '^) has previously been shown to adversely affect the 
removal of both IAs'" and lAs  ^ (section 1.6.1.3). Arsenate, arsenite and phosphate can 
all form Inner-sphere complexes (e.g. =Fe-0-As) on the surface of Iron (hydr)oxldes 
and will compete for the same binding sites (Goldberg & Johnston, 2001; Zhu et al., 
2009). The presence of phosphate In the test solution, over the concentration range 0.5 
to 5 mg/l, affected the removal of both IAs'" and lAs  ^ to varying extents for each 
adsorbent material. The largest effect was observed for Iron oxide, and a two-tailed t- 
test (section 2.8.3) revealed a statistically significant reduction (probability, p < 0.05) In 
both IAs'" and lAs  ^ removal (-A 26.0 % and -A 22.6 %, respectively: 5 mg/l H2PO4 ). In
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contrast, a smaller reduction in iAs'" removal (-A 12.7 %: 5 mg/l H2 PO4  ) and a slight 
enhancement in lAs  ^removal (+A 7 %: 5 mg/l H2PO4 ) were recorded for iron hydroxide 
(Fig. 6.7). The apparent enhancement of iAs  ^could occur due to the large variation in 
the removal percentage of lAs  ^ with no phosphate present (32.5 ± 6.9 %). It may, 
therefore, be suggested that minimal impact on iAs  ^ removal by iron hydroxide in the 
presence of phosphates was observed. Flowever, the possibility of enhancement of the 
removal of lAs  ^ in the presence of competing anions will be considered at a later point 
(refer to sulphate discussion).
Table 6.4: Experimental conditions for arsenic removal tests investigating the impact of 
competing anions on the removal efficiency of iron oxide and hydroxide.
Condition Values
S s ) % Z n t % k e t s  30, 60 (1 ), 120 (2), 240 (4), 360 (6)
Anion concentration (mg/l) 0, 0.5, 1, 2.5, 5
pH_________________________ 7.0 ± 0.3__________________________________
The data from this study provided similar results to that recorded in other published 
research. Jeong et al. (2007'’) reported a significant reduction in iAs  ^ removal by iron 
oxide at pH 6.0 ±0.1 in the presence of 0.05 to 1 mg/l phosphate using an initial iAs  ^
concentration of 200 pg/l. Zeng et al. (2008) also observed a decrease in iAs  ^ removal 
by iron oxide (pH 7.5) in the presence of 0.039 mg/l phosphate at an initial lAs  ^
concentration of 100 pg/l. Jain and Loeppert (2000) investigated the impact of 
phosphate on iAs'" and iAs  ^removal by ferrihydrite (Fe2 0 3  O.5 H2 O) at varying pH levels 
(pH 3 -  10). A reduction in both iAs'" and iAs  ^was observed with a strong dependence 
on pH. At low pH levels phosphate had a greater impact of iAs'" removal, whereas the 
opposite was reported for iAs .^ Meng et al. (2002), on the other hand, conducted a 
study using iron hydroxide and found that iAs'" removal decreased in the presence of 
phosphate ( 1 0 - 8 0  pM), whereas minimal impact on iAs  ^ removal was observed, at 
initial As levels of 300 pg/l (pH 6.7).
Arsenate, arsenite and phosphate have different affinities for iron (hydr)oxide surface 
groups (Meng et al., 2002). The data from this study indicates that iAs'" has a lower 
affinity for both iron oxide and hydroxide surface groups than phosphate. Whereas, 
iAs  ^ has a lower affinity for iron oxide surface groups and a higher affinity for iron 
hydroxide surface groups than phosphate. Arsenate is a larger ligand than phosphate 
(As-0 bond ~ 10 % longer than P-0 bond) and can, therefore, interact more strongly 
than phosphate with the hydroxyl ions (-0H) on the surface of iron hydroxide (Saha et 
al., 2005). However, Meng et al. (2002) found that although the presence of 
phosphates caused minimal impact on iAs  ^removal, 98 % of the phosphate present in
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the aqueous solution was removed by the iron hydroxide. This indicates low surface 
site coverage by the phosphate anions. They reported that at higher phosphate levels, 
or in the presence of a second competing anion (e.g. bicarbonate), the reduction of 
iAs  ^ occurred to a greater extent. This indicates that at a high surface site coverage 
phosphate will have an adverse impact on iAs  ^ removal. The greater impact of 
phosphate on iAs  ^ removal by iron oxide may, therefore, occur due to the presence of 
fewer adsorption sites than for iron hydroxide.
^  10
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Fig. 6.7: Arsenate: iAs ,^ and arsenite: iAs'", removal by iron oxide and hydroxide in the 
presence of increasing concentrations of phosphate ions at pH 7.0 (± standard 
deviation displayed as an error bar: n = 2 ).
In contrast, a reduction in iAs'" removal was observed at low phosphate levels, despite 
the same low surface site coverage by phosphates (Meng et al., 2002). This may be 
due to a lower affinity of iAs'" for surface groups compared to iAs .^ Iron (hydr)oxide 
surface sites are heterogeneous and some adsorption sites are more reactive than 
others (Barron & Torrent, 1996). Therefore, if the phosphate ions occupy the highly 
reactive adsorption sites due to the higher adsorptive affinity of phosphate, the iAs'" 
and iAs  ^anions are required to adsorb to the less reactive sites.
The data in this study suggests that iAs  ^has a greater surface reactivity than iAs'", thus 
increasing the possibility of adsorption at low reactivity surface sites. Furthermore, the 
low iAs'" and iAs  ^ removal by iron oxide observed in the presence of phosphate (0.5 -  
5 mg/l), compared to iron hydroxide, may indicate a lower number of adsorption sites 
on the surface of the iron oxide compared to iron hydroxide, or a lower reactivity of the 
available adsorption sites.
Sulphate (S O / ) has previously been reported to impact the removal of arsenic from 
water by iron-based materials. However, the effect varies between materials and As
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species (Jain & Loeppert, 2000; Zhang et al., 2004; Jeong et al., 2007'’). In this study 
sulphate displayed no significant impact on iAs'" or iAs  ^ removal by iron oxide, and at 
all sulphate levels (range; 0 - 5  mg/l S O /') arsenic removal ranged from 48.6 to 54.7 
% iAs'" and 32.5 to 44.8 % iAs  ^ (Fig. 6.9). Jeong et al. (2007'') also reported that 
sulphate levels up to 500 mg/l, significantly higher than those used in this study, had no 
detectable effect on iAs  ^ removal at pH 6 . As with phosphate, the effect of sulphate is 
pH dependent. Published research has shown that at pH levels below 7 the removal of 
iAs'" and iAs  ^ by iron oxide decreases in the presence of phosphate (Wilkie & Hering, 
1996; Jain & Loeppert, 2000).
70 -
60 -
>o
E 50 -0>DC
o 40 -
c0)
30 -
<
0)O) 2 0 -
nc0)U 10 -
0)a. 0 -
Iron oxide iAs(lll) Iron oxide iAs(V)
Sulphate concentration: " 0  mg/l «0.5 mg/l "  1 mg/l «2.5 mg/l * 5  mg/l
Iron hydroxide 
iAs(lll)
Iron hydroxide 
iAs(V)
Fig. 6 .8 : Arsenate: iAs ,^ and arsenite: iAs'", removal by iron oxide and hydroxide in the 
presence of increasing concentrations of sulphate ions at pH 7.0 (± standard deviation 
displayed as an error bar: n = 2 ).
In contrast, a two-tailed t-test (section 2.8.3) revealed a statistically significant (p < 0.1) 
enhancement of iAs'" and iAs  ^removal using iron hydroxide at sulphate levels of 1 to 5 
mg/l (Fig. 6 .8 ). Limited information is available on the impact of sulphate on arsenic 
removal by iron hydroxides. However, Zhang et al. (2004), also observed an 
enhancement of iAs  ^ removal from a 1 mg/l As solution (pH 7) using an iron ore at 
sulphate concentrations of 5 to 40 mg/l. The ore mixture was hematite, Fe2 0 s and 
goethite, FeO(OH). A similar enhancement of iAs  ^ removal was observed in the 
presence of chloride and it was suggested that the formation of outer-sphere 
complexes with chloride could help the adsorption of iAs  ^ (Zhang et al., 2004). The 
same could potentially occur in the presence of sulphate ions by increasing the 
reactivity of adsorption sites or the stabilisation of surface bound arsenic complexes. 
Furthermore, studies using zero-valent iron (Fe°) have also reported an enhancement
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of iAs  ^ removal in the presence of sulphates (Ramaswami et al., 2001; Sun et al., 
2006). The increased removal was attributed to the accelerated rate of precipitation of 
arsenopyrite (FeAsS). Previous studies have shown that arsenic removal at low pH 
levels may involve the formation of ferric-arsenate precipitates on the adsorbent 
surface (Jia et al., 2006). Therefore, the presence of sulphate may increase As 
adsorption by promoting the formation of arsenic-sulphur precipitates (e.g. FeAsS) on 
the surface of iron hydroxide. This may then increase the potential mechanisms of As 
removal. However, extensive investigation into the type of arsenic complexes on the 
surface of iron hydroxide (e.g. by FTIR) would be required to elucidate the mechanism 
of As removal in the presence of sulphate.
The data from this study suggests that the adsorptive affinity for iron (hydr)oxide 
surface sites decreases in the order phosphate > arsenate > arsenite > sulphate at pH 
7.0. Further studies would be required at higher phosphate levels (> 5 mg/l) to confirm 
the comparative affinity of phosphates and arsenates for iron hydroxide surface sites. 
However, higher phosphate levels may not be relevant for typical environmental 
phosphate levels (typically < 1 mg/l H2 PO4 ', Jeong et al., 2007®). It can therefore be 
assumed that at phosphate levels up to 5 mg/l and at an iron hydroxide dose of 0.25 g/l 
there is no impact on iAs  ^removal at pH 7.0.
6.2 Electrocoagulation
A simple electrocoagulation device was evaluated for its ability to remove arsenic 
species (arsenate: iAs ,^ arsenite: iAs'") from drinking water. The device is composed of 
two mild steel electrodes (12.5 x 3.5 cm, 2 mm thick) spaced 3 mm apart, attached to a 
small photovoltaic (PV) solar panel (Solarex MSX-01, 1.1 Watt) measuring 12 x 12 cm. 
For laboratory-based experiments the PV panel was replaced by a 9.0 V power supply 
(Power Pax, UK).
As a charge is supplied to the electrodes it facilitates the production of iron 
oxyhydroxides within the solution (section 1.6.2.1). Arsenic can co-precipitate with the 
iron compounds or it can adsorb onto the surface of the iron material (Hansen et al.,
2007). The adsorption or co-precipitation of arsenic with iron can be impacted by the 
chemical and physical parameters of the water (e.g. Lakshmipathiraj et al., 2010; 
Kobya et al., 2011). Laboratory tests were designed to evaluate the impact of pH 
(section 6.2.2) and of the competing anions phosphate and sulphate (section 6.2.3) on 
arsenic removal by electrocoagulation. The electrocoagulation technique was further 
evaluated in field-based tests in four provinces of Argentina (section 6.3).
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6.2.1 Contact time
A set of experiments were conducted to establish the removal pattern over a set period 
of time (2 hours), in order to evaluate any differences in iAs'" and iAs  ^ removal. A 
shorter contact time was utilised for electrocoagulation, compared to iron (hydr)oxide 
(section 6 .1 ), due to the continual production of iron precipitates leading to higher 
arsenic removal over a short time period. The tests were conducted at a neutral pH 
(7.0 ± 0.3) in order to evaluate each material at a typical drinking water pH level 
(recommended pH 6.5 -  9.0, WHO, 2008).
6.2.1.1 Method
Experiments were conducted using 5 litres of 1000 pg/l IAs'" or lAs  ^solutions for 2 hour 
periods. Sub-samples (5 ml) were taken at set time intervals using a 5 ml BD™ plastic 
syringe. The pH of the original solution was adjusted using 5 % (v/v) Aristar® nitric acid 
(Fisher Scientific Ltd, Leicestershire, UK) and 1 M sodium hydroxide (AnalaR®, BDH 
Laboratory Supplies, UK). The pH of the solution was monitored at the time of 
extracting each sub-sample (except 1 minute) and adjusted to maintain it within pH 7.0 
± 0.3. Solution pH was measured using a calibrated Hanna HI 98129 Digital Combo 
Meter (Hanna Instruments Ltd, Bedfordshire, UK).
6.2.1.2 Effect of contact time
Electrocoagulation displayed a high removal capacity for a 1000 pg/l As solution (5 I 
volume) for both IAs'" (98.7 ± 0.23 %) and lAs  ^ (99.6 ± 0.04%) at pH 7.0 after 2 hours 
contact time (Fig. 6.9). Arsenate (iAs^) had a lower percentage removal than IAs'" up to 
a contact time of 60 minutes. Between 10 and 60 minutes increased variability 
occurred between the iAs'" duplicates (range of standard deviation values: ± 6.3 -  19.5 
%). In contrast increased variability only occurred at the sample extraction taken at 60 
minutes for iAs  ^ (standard deviation: ± 11 . 8  %). However, taking the variability into 
account the removal of IAs'" still appears to be faster than lAs .^ This data follows a 
similar pattern to that observed for both iron oxide and hydroxide (section 6 .1.3.2). The 
percentage removal of IAs'" begins to plateau after a 60 minute contact time. After a 
contact time of 90 minutes the removal of both IAs'" and lAs  ^ levels out as the 100 % 
removal point is approached (Fig. 6.9). Lakshmipathiraj et al. (2010) also successfully 
removed both lAs  ^and IAs'" from a 10 mg/l (2 L) solution at pH 7. However, in contrast 
to the data in this study, they found that iAs  ^was more efficiently removed in the earlier 
stages of the test.
Unlike the use of iron oxide and hydroxide (section 6 .1.3.2), electrocoagulation did not 
show an immediate removal of arsenic after 1 minute contact time. This is most likely to 
be due to the requirement for the in situ formation of iron precipitates. However,
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electrocoagulation did display a higher removal capacity after a contact time of two 
hours;
• electrocoagulation (iAs'" 98.7 ± 0.23 %, iAs^ 99.7 ± 0.04 %);
• iron oxide (iAs"' 45.9 ± 0.5 %, iAs'^ 37.4 ± 3.8 %); and,
• iron hydroxide (iAs'" 33.8 ±1.1 %, iAs^ 24.3 ± 11.0 %).
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Fig. 6.9: Arsenate: iAs ,^ and arsenite: iAs'", removal by electrocoagulation from a 1000 
pg/l As solution with increasing contact time ( 0 - 1 2 0  minutes) at pH 7.0 (± standard 
deviation displayed as an error bar: n = 2 ).
This could be due to the ability of electrocoagulation to continually form new iron 
precipitates in situ, thus increasing the number of adsorption sites. Furthermore there is 
the possibility of co-precipitation of arsenic with iron alongside surface adsorption. This 
data is in agreement with Kumar et al. (2004) who observed high percentage removals 
(> 99 %) for Ast and iAs ,^ from 2 mg/l As solutions (time period not specified). 
Balasubramanian et al. (2009) also observed high iAs  ^ removal from water (pH 7), with 
more than 50 % of the iAs  ^removed from a 100 mg/l iAs  ^solution within a contact time 
of 30 minutes.
As previously reported for the removal of IAs'" from water by both iron oxide and 
hydroxide (section 6 .1.4.2), high percentage removals are observed despite the 
solution pH remaining below pH 9.2 (pKai iAs'"). Research has shown that oxidation of 
iAs'" to iAs  ^during the electrocoagulation process can occur enabling the complexation 
of the charged H2ASO4 ' arsenate species (Kumar et al., 2004; Lakshmipathiraj et al., 
2010; Wan et al., 2011). Kumar et al. (2004) reported an initial increase in iAs  ^ levels
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during the removal of arsenic from an iAs'" solution. It was suggested that this occurred 
due to iAs'" oxidation. The impact of pH is discussed further in the following section 
(6.2.2).
6.2.2 Factors influencing rem oval efficiency: pH
As previously mentioned in section 6.1.4 the pH of a solution can have a significant 
impact on the removal of both IAs'" and lAs  ^from water. Iron oxide and hydroxide both 
showed a strong dependence upon pH with different patterns observed for iAs'" and 
iAs  ^(section 6 .1.4.2).
The electrocoagulation technique was evaluated using field-based experiments 
(section 6.3). A wide pH range was selected for the laboratory-based experiments (pH 
1 -  1 2 ) to fully understand the removal results obtained at field-study locations with 
significantly different pH levels, including rio Agrio at below pH 2.
6.2.2.1 Method
Experiments were conducted using 5 litres of 1000 pg/l iAs'" or iAs  ^solutions for 2 hour 
periods. Sub-samples (5 ml) were taken at set time intervals (Table 6.5) using a 5 ml 
BD™ plastic syringe. The pH of the original solution was adjusted using 5 % (v/v) 
Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) and 1 M sodium hydroxide 
(AnalaR®, BDH Laboratory Supplies, UK). The pH of the solution was monitored at the 
time of extracting each sub-sample (except 1 minute) and adjusted to maintain it within 
± 0.3 of the required pH. Solution pH was measured using a calibrated Hanna HI 
98129 Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, UK).
Table 6.5: Experimental conditions for arsenic removal tests investigating the impact of 
pH on the removal efficiency by electrocoagulation.
Condition Values
Sample extraction times (minutes) 0, 1, 10, 20, 30, 60, 90, 120
pH (± 0.3) 1.0, 3.0, 5.0, 7.0, 9.0,11.0,12.0
6.2.2.2 Effect of pH
Arsenite (iAs'") and arsenate (iAs^) displayed a similar removal pattern with increasing 
pH from 1 to 12 (Fig. 6.11). The highest percentage removal was observed at pH 5 
(99.6 ± 0.69 % IAs'" and 99.8 ± 0.002 % lAs^). At pH levels below 5, low removal and 
increased variability was observed for both iAs'" (39.1 ± 29.0 % pH 1 and 37.2 ± 3.4 % 
pH 3) and iAs  ^ (28.9 ± 10.0 % pH 1 and 41.9 ± 23.5 % pH 3). The acidification of a 
solution can cause precipitates to dissolute (Kading & Varekamp, 2011), therefore in 
the electrocoagulation process precipitate formation may be inhibited at low pH levels.
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Minimal precipitate formation occurred at low pH (Fig. 6.10 a & b) but above pH 5 
visible precipitation was observed (Fig. 6.10 c & d).
In laboratory tests using iron oxide and hydroxide iAs  ^ removal gradually decreased 
from pH 3 to 12 (section 6.1.4.2). However, in the electrocoagulation tests, iAs  ^
removal remained above 90 % from pH 5 to 9. This could potentially occur due to the 
co-precipitation of iAs  ^with iron alongside surface adsorption. Balasubramanian et al. 
(2009) reported increasing iAs  ^ removal from pH 4 to 7. Wan et al. (2011) also 
observed increasing removal of iAs  ^ from pH 4.5 to 6.5. In this study the percentage 
removal of iAs  ^decreases from 97.5 ± 0.10 % at pH 9 to 15.9 ± 17.1 % at pH 11 and 
5.4 ± 1.0 % at pH 12.
(a)
(c)
(b) f
(d)
Fig. 6.10: Electrocoagulation tests after 2 hours contact time for (a) iAs'" at pH 1; (b)
iAs  ^at pH 1 : (c) iAs'" at pH 5; (d) iAs  ^at pH 5.
Previous studies have focused only on the pH effect on iAs  ^ removal. In this study iAs'" 
was also evaluated and displayed a similar removal pattern to that found for iAs  ^ (Fig. 
6.11). Arsenite removal by iron oxide and hydroxide also followed a similar pattern 
(section 6.1.4.2). However, in the electrocoagulation tests, the percentage iAs'"
removal does not decrease below 90 % until pH 12 (Fig. 6.11). In contrast iAs'"
removal in the iron oxide and hydroxide tests decreases at pH 11.
The pH of zero point charge (pHzc) will influence the extent of electrostatic attraction or 
repulsion between the surface of the adsorbent and the iAs'" or iAs  ^ species. The 
percentage removal of both iAs'" and iAs  ^ remains high up to pH 9. This suggests that
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the iron oxyhydroxides formed in situ during the electrocoagulation process have a 
higher pHzc that iron oxide or hydroxide (pH^ 8 ).
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Fig. 6.11: Arsenate: iAs ,^ and arsenite: iAs'", removal by electrocoagulation from a 
1000 pg/l As solution with increasing pH (± standard deviation displayed as an error 
bar: n = 2 ).
The percentage removal of iAs  ^ begins to decrease at pH 11. In contrast the 
percentage removal of iAs'" does not begin to decrease until pH 12. This may be due to 
the higher anionic charge present on the iAs  ^ species. At pH 11 and 12 iAs  ^ will 
predominatly be a doubly (HAsO/’) or triply charged (A sO / ) species, whereas iAs'" 
will mainly be a singly charged (H2ASO3 ) species. As a result of the larger charge a 
greater repulsion is likely to occur between the negative surface groups (e.g. =Fe-OH]' 
and iAs ,^ compared to iAs'".
6.2.3 Factors influencing arsenic removal: competing anions
The presence of phosphate (H2 POT and H PO /') reduced the percentage removal of 
iAs'" by both iron oxide and hydroxide. The percentage removal of lAs  ^ using iron 
oxide also decreased in the presence of phosphate (section 6 .1.5.2). Sulphate, on the 
other hand, had minimal impact on the removal of iAs  ^ or iAs'" using iron oxide, and 
enhanced the removal of both inorganic species using iron hydroxide (section 6.1.5.2). 
Competing anion tests were also conducted to evaluate the impact of phosphate and 
sulphate on the removal of iAs'" and iAs  ^by electrocoagulation.
6.2.3.1 Method
The impact of phosphate and sulphate on iAs'" and iAs  ^ removal was tested using 
increasing anion concentrations (0.5, 1, 2.5, 5 mg/l) prepared from 10000 mg/l P O /'o r
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1000 mg/l s o / '  stock solution (Aristar®, BDH Labororatory Supplies Ltd, UK). Batch 
equilibrium experiments were conducted using 5 litres of 1000 pg/l iAs'" or iAs  ^
solutions for 2 hour periods. Sub-samples (5 ml) were taken at set time intervals (Table 
6.6) using a 5 ml BD™ plastic syringe. The pH of the original solution was adjusted to
7.0 ± 0.3 using 5 % (v/v) Aristar® nitric acid (Fisher Scientific Ltd, Leicestershire, UK) 
and 1 M sodium hydroxide (AnalaR®, BDH Laboratory Supplies, UK). The pH of the 
solution was monitored at the time of extracting each sub-sample (except 1 minute) 
and adjusted to maintain it at pH 7.0 ± 0.3. Solution pH was measured using a 
calibrated Hanna HI 98129 Digital Combo Meter (Hanna Instruments Ltd, Bedfordshire, 
UK).
Table 6.6: Experimental conditions for arsenic removal tests investigating the impact of 
competing anions on the removal efficiency of electrocoagulation.
Condition Values
Sample extraction times (minutes) 0, 1, 10, 20, 30, 60, 90, 120
Anion concentration (mg/l) 0, 0.5, 1, 2.5
pH 7.0 ± 0.3
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Fig. 6.12: Arsenate: iAs ,^ and arsenite: iAs'", removal by electrocoagulation in the 
presence of increasing concentrations of phosphate ions at pH 7.0 (± standard 
deviation displayed as an error bar: n = 2).
6.2.3.2 Effect of competing anions
Phosphate (0.5 -  2.5 mg/l HPO /') caused a significant reduction in iAs'" removal by 
electrocoagulation, and a reduction in iAs  ^ removal was observed at a phosphate level 
of 2.5 mg/l (Fig. 6.12). Wan et al. (2011) and Lakshmanan et al. (2010) also reported 
significant decreases in iAs  ^ removal in the presence of phosphates. The inhibition of
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iAs  ^ removal increases at higher phosphate levels. It is suggested that the main
mechanism for the inhibition of iAs  ^ is competitive adsorption. The effect of phosphates 
was overcome in field-tests by increasing the contact time period. This resulted in a 
greater production of precipitate (Wan et al., 2011). Competitive adsorption is likely to 
impact iAs'" to a greater extent due to the higher affinity of iron (hydr)oxide surface 
groups for phosphate (phosphate > iAs'") (Meng et a!., 2002). This causes inhibition of 
iAs'" removal to occur at a lower phosphate level, in contrast to the iAs  ^ tests.
Phosphates have also been reported to slow the oxidation of Fe^  ^to Fe^ ,^ an important
step in sorbent formation (Wan et a!., 2011).
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Fig. 6.13: Arsenate: iAs ,^ and arsenite: iAs'", removal by electrocoagulation in the 
presence of increasing concentrations of sulphate ions at pH 7.0 (± standard deviation 
displayed as an error bar: n = 2).
Sulphate (S O / ), on the other hand, displayed minimal impact on either iAs  ^ or iAs'" 
removal by electrocoagulation (Fig. 6.13). This corresponds to data reported by Wan et 
al. (2011), who observed no inhibition of iAs  ^ removal due to the higher affinity of iron 
hydroxide for iAs  ^ compared to S O /'. However, Lakshmipathiraj et al. (2010), 
observed a slight decrease in iAs'" removal in the presence of sulphate (0.01 M S O /'). 
Arsenite inhibition by sulphate was attributed to a reduction in surface area on the 
active electrode caused by adsorption of sulphate ions in place of hydroxyl ions (OH ). 
This process increased the resistance to the corrosion potential and thus reduced the 
amount of sorbent formed (Lakshmipathiraj et al., 2010). In this study no overall 
reduction in iAs'" was observed after a contact period of 2 hours. However, a slower 
removal of iAs'" was observed in the presence of sulphate (0.5 -  2.5 mg/l S O /'). The 
high variation observed at pH 7.0 with no sulphate addition should, however, be taken
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into account and further tests would need to be completed to fully understand the 
impact of sulphate on the rate of iAs'" removal from water by electrocoagulation.
6.3 Field-Based Tests
Laboratory tests were completed to determine the efficiency of arsenite (iAs'") and 
arsenate (iAs^) removal by electrocoagulation (section 6.2) and iron (hydr)oxide 
(section 6.1). The impact of pH and competing anions was evaluated within these 
sections. In addition to the laboratory-based tests, field-based electrocoagulation tests 
were conducted in order to evaluate the efficiency of arsenic removal from water 
systems with varying physicochemical (pH, redox potential, conductivity and total 
dissolved solids) and chemical compositions.
Table 6.7: Field-based electrocoagulation test condition and location details.
Code Location A st (pg/l) Date Volume(L)
Contact Time 
(min)
Test A EC: Fiilipini Farm 490.2 Jan 2011 5 120
Test B EC: Fiilipini Farm 512.7 Jan 2011 10 60
Test C EC: Fiilipini Farm 776.7 Apr 2012 5 60
Test D URA: cascade 7 211.0 Jan 2011 5 60
TestE URA: cascade 3 173.5 Jan 2011 5 120
Test F URA: cascade 3 164.9 Jan 2011 10 120
Test G URA: crater-lake 1301.9 Apr 2011 5 60
Test H LRA: Salto del Agrio 2.6 Jan 2011 5 60
TestI CP: sulphur spring 0.3 Jan 2011 5 60
Test J CP: iron spring <0.2 Apr 2011 5 60
Test K Rio Negro 0.8 Jan 2011 5 60
TestL SC: Monasterio Farm 404.0 Apr 2012 5 120
EC = Eduardo Castex; LIRA = Upper Rio Agrio; LRA = 
Cristobal
Lower Rio Agrio; CP = Copahue; SC = San
A total of 12 electrocoagulation tests were conducted in four provinces of Argentina. All 
test locations are outlined in Table 6.7. In order to determine the efficiency of arsenic 
removal only sites with arsenic levels exceeding the World Health Organisation (WHO) 
guideline limit for arsenic in drinking water (10 pg/l Asj) will be evaluated within this 
section. Three locations (8 tests) with levels in the untreated water exceeding 10 pg/l 
Ast were selected. These sites also have varying physicochemical and chemical 
compositions (Appendix Tables B3 & B5). The selected sites were: the Fillipinni Farm 
(Eduardo Castex, La Pampa), the upper rio Agrio (Caviahue, Neuquén) and the 
Monasterio Farm (San Cristobal, Santa Fe). Water from Eduardo Castex (section 3.3) 
and Caviahue (section 3.4) have been extensively evaluated as part of this and/or 
previous studies (O’Reilly, 2010). San Cristobal (Santa Fe) has been included as an 
additional site in the arsenic removal study due to suspected high levels of arsenic in 
the region, and is a potential location for future research (Lord, 2011).
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Electrocoagulation tests were completed in January 2011, April 2011 and April 2012. 
Both annual and seasonal variation in the weather conditions may occur between tests. 
January is mid-summer and due to this sun exposure was very high during the tests 
completed at this time (Table 6.7). Sun exposure was also high during April 2012. 
However, in April 2011 temperatures were cooler and the tests conducted in Copahue- 
Caviahue (Tests G and J) had low sun exposure due to the winter conditions 
experienced. Variations in sun exposure could lead to differing amounts of precipitate 
formation during the electrocoagulation within the 1 to 2 hour period.
6.3.1 La Pampa: Eduardo Castex
Three arsenic removal tests were conducted using groundwater sourced from the 
Fiilipini Farm, ~ 8 km south-east of Eduardo Castex in the province of La Pampa. Two 
tests were completed in January 2011, one with 5 litres (test A) and one with 10 litres 
(test B) of well water. A further test was completed using 5 litres in April 2012 (test 0). 
On each occasion the well pump was allowed to run for 5 minutes prior to the collection 
of water. An arsenic spéciation sample was taken before starting the arsenic removal 
tests, and again after the test was completed (section 2.7). Physicochemical 
parameters: pH, redox potential, conductivity and total dissolved solids, were measured 
for each sample extraction, and a filtered, unacidified water sample was collected for 
analysis by ICP-MS.
6.3.1.1 Physicochemical parameters
The test water was alkaline, with pH levels in the untreated water samples ranging from 
8.38 to 9.24 (tests A -  0). Conductivity and total dissolved solids levels ranged from 
2416 to 2686 pS/cm and 1227 to 1339 mg/l, respectively. Redox potential (Eh) varied 
significantly between the tests, in tests A and B (Jan 2011) the Eh levels ranged from - 
1 to 18 mV, whereas in test C (April 2012) the Eh level was 321 mV.
Minimal alteration in pH, conductivity or total dissolved solids was observed during the 
tests. However, in all tests the Eh level decreased with increasing contact time. Eh 
levels after 1 hour of arsenic removal contact time ranged from -472 to -66 mV (Table 
6.8). The redox potential measurement is based upon the overall reducing potential of 
the different ions within a solution (Emerson, 2008). During the electrocoagulation 
method ion exchange processes may occur at the surface of the iron adsorbents, thus 
altering the ionic composition of the aqueous system. Published research has also 
suggested that oxidation of the iAs'" species may also occur (Kumar et a!., 2004; 
Lakshmipathiraj et a!., 2010; Wan et a!., 2011). When redox reactions occur, a change 
in solution redox potential is observed (Emerson, 2008).
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Table 6.8: Redox potential (Eh) recorded at each sample extraction for tests A to C 
(Eduardo Castex, La Pampa).
Test
Redox potential (mV) at each sample extraction (mln)
0 10 20 30 40 50 60 90 120
A 18 -96 -85 -123 -135 -145 -157 -213 -243
B -1 -7 -59 -86 -98 -117 -124 ns ns
C 321 -146 -293 -370 ns ns -472 ns ns
ns = not sampled
6.3.1.2 Total arsenic and arsenic spéciation
Total arsenic (Asj) levels recorded at the Fiilipini farm varied between the tests. In tests 
A and B (Jan 2011) total arsenic levels ranged from 490 to 513 pg/l Asj, whereas, in 
test 0  (April 2012) the total arsenic levels increased to 777 pg/l Asj. This may be 
caused by seasonal and/or annual variation in ground water levels. Low levels of 
precipitation during the summer months would lower the ground water levels, which in 
turn may concentrate the element levels present in the water system.
In all three tests arsenate (lAs^) was the dominant species (percentage fraction range:
54.7 -  57.6 %). However, high levels of IAs'" were also present (percentage fraction 
range: 36.0 -  39.9 %). The concentrations of both iAs  ^and iAs'" were above the WHO 
guideline limit for arsenic in drinking water (10 pg/l Asj). The remaining arsenic fraction 
was composed of the methylated arsenic species: monomethylarsonic acid (MA^: 5.0 -
6.2 %) and dimethylarsinic acid (DMA^: 0.5 -  0.7 %).
6.3.1.3 Arsenic removal
All tests displayed a high level of arsenic removal efficiency. The arsenic removal 
performance in tests A and C (5 L tests) were extremely similar with 89.2 % Asj 
removed in both tests after 60 minutes contact time (Fig. 6.14). Increasing the volume 
to 10 litres (test B) decreased the arsenic removal efficiency; however 76.2 % arsenic 
removal was achieved after 60 minutes.
Test A was conducted for 2 hours and 97.0 % arsenic removal was recorded after 
completion of the test. The arsenic level reduced from 490 pg/l to 14.9 pg/l Asj after 2 
hours contact time, just above the WHO guideline for drinking water of 10 pg/l Asj. All 
other tests remained at levels above the WHO guideline for drinking water (after 1 hour 
contact time). However, all displayed positive removal trends and levels would be 
expected to decrease below 10 pg/l Ast after a longer contact time (> 1 hour).
In tests A and B an additional arsenic spéciation sample was taken after 1 hour contact 
time. A decrease was observed in all arsenic species concentrations. However, iAs  ^
appeared to be preferentially adsorbed and a greater decrease in iAs  ^ levels was
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observed (-A 192 ± 14.4 pg/l lAs^) compared to iAs'" (-A 92.4 ± 23.7 pg/l iAs'"). This 
caused a shift in the distribution of arsenic species: iAs'" became the dominant species 
(percentage fraction range: 55.8 -  63.0 %) after 1 hour, and in test A the iAs'" fraction 
increased further after 2 hours (71.8 %).
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Fig. 6.14: Percentage arsenic removal as a function of contact time for 
electrocoagulation tests conducted using variable volumes of groundwater from 
Eduardo Castex (La Pampa) in January 2011 and April 2012 (Test A = 5 L, Jan 2011; 
Test B = 10 L, Jan 2011; Test C = 5 L, Apr 2012).
6.3.2 Neuquén: Rio Agrio
Three arsenic removal tests were conducted using surface water sourced from the 
upper rio Agrio in the province of Neuquén. All three tests were conducted in January 
2011: the test details are outlined in Table 6.7. Test D was conducted at the bottom of 
cascade 7 and tests E and F were conducted at the bottom of cascade 3 (refer to 
section 3.4.4). A further test was conducted using water collected from the crater-lake 
of the Copahue volcano (test G) in April 2011. In tests D to F an arsenic spéciation 
sample was collected before and after the test was completed, no spéciation sample 
was collected from test G as the pH levels were below pH 2 (section 2.7.4). 
Physicochemical parameters: pH, redox potential, conductivity and total dissolved 
solids, were measured for three sample extractions (0, 60 and 120 minutes). Further 
physicochemical data was collected at the 30 minute sample extraction in test G. A 
filtered, unacidified water sample was collected for analysis at 10 minute intervals up
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until 60 minutes, after this point a sample was collected every 30 minutes in the 2 hour 
tests (E and F).
6.3.2.1 Physicochemical parameters
The upper rio Agrio is supplied by the hyperacidic crater-lake of the Copahue volcano 
(section 3.4). The pH of the water for tests D to F was acidic (range 2.58 - 3.50). The 
pH for test G was hyperacidic (pH 0.87). The conductivity and total dissolved solid 
content exceeded the maximum measurable value for the field monitor in all samples 
(> 4000 pS/cm and > 2000 mg/l, respectively). The Eh levels ranged from 415 to 472 
mV prior to testing. The Eh levels showed no significant decrease throughout the tests. 
Levels ranged from 409 to 469 mV after a 1 or 2 hour contact time.
6.3.22 Total arsenic and arsenic spéciation
Total arsenic levels ranged from 165 to 211 pg/l Ast in tests D to F (upper rio Agrio). 
Typical levels along the upper rio Agrio range from 179 to 359 pg/l Asj (section 3.4.4). 
Significantly higher arsenic levels were recorded for test G (1302 pg/l A s t) . In tests D to 
F the dominant arsenic species was iAs'" (percentage fraction range: 80.6 -  80.8 %), 
with iAs  ^comprising only 2.9 %. The remaining arsenic species were methylated: MA^ 
12.9 to 13.0 % and DMA^ 3.3 to 3.6 %.
6.3.23 Arsenic removal
Low arsenic removal was recorded during tests D to G (test details in Table 6.7). After 
1 hour contact time the percentage of arsenic removed ranged from 0 to 10.6 %, and 
after 2 hours removal increased to 16.1 % in test E (5 L, 2 hrs, URA) and only 
increased to 1.8 % in test H (10 L 2 hrs, URA) (Fig. 6.15). The formation of visible 
precipitate was minimal during each of the removal tests. The formation of precipitates 
would have been hindered by the low pH levels: laboratory tests have shown that at 
acidic pH levels arsenic removal is minimal due to the dissolution of any precipitates 
formed (section 6.2.2). The arsenic removal profiles also display fluctuations in the 
arsenic concentration. An increase in Ast levels was observed at 30 minutes in test D 
(5 L, 1 hr, URA), at 50 minutes in test E (5 L, 2 hr, URA) and at 60 minutes in test G (5 
L, 1 hr, crater-lake). This may occur due to desorption of arsenic from the surface of 
the iron precipitates, potentially due to the precipitates re-dissolving into the solution.
Along the upper rio Agrio arsenite (iAs'") remained the dominant species after a 1 or 2 
hour contact time (percentage fraction range: 73.6 -  80.0 %). The iAs'" levels did 
decrease by 13.9 ± 6.1 pg/l IAs'" after 1 hour and by 36.9 ± 14.5 pg/l IAs'" after 2 hours. 
In contrast, the concentration of iAs  ^ in all 3 tests increased from 7.4 ± 0.8 pg/l lAs^ (0 
minutes) to 9.9 ± 0.6 pg/l iAs  ^ after 60 minutes and 14.3 ± 2.7 pg/l iAs  ^ after 120 
minutes. This could suggest that oxidation of iAs'" was occurring during the removal
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process, as observed in previous research (Kumar et al., 2004; Lakshmipathiraj et al., 
2010; Wan et a/., 2011).
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Fig, 6.15: Percentage arsenic removal as a function of contact time for 
electrocoagulation tests conducted using variable volumes of surface water from the 
upper rio Agrio (Neuquén) in January 2011 (Test D = 5 L, cascade 7; Test E = 5 L, 
cascade 3; Test F = 10 L, cascade 3) and from the volcano crater-lake water in April 
2011 (Test G = 5 L).
6.3.3 San Cristobal: Santa Fe
A single electrocoagulation test (Test L) was completed at the Monasterio Farm 60 km 
north-west of the town of San Cristobal in the province of Santa Fe. The town of San 
Cristobal has suspected high levels of arsenic in the drinking water and is an area for 
future research (Lord, 2011). The electrocoagulation test was conducted as part of a 
preliminary evaluation of water in San Cristobal and northern Santa Fe.
Physicochemical parameters: pH, conductivity and total dissolved solids, were 
measured for all sample extractions. Redox potential was only measured at the 
beginning and end (120 min) of the test, due to instrument availability. A filtered, 
unacidified water sample was collected for analysis at 10 minute intervals until 30 
minutes, after this point a sample was collected every 30 minutes until the final sample 
extraction at 120 minutes. A single arsenic spéciation sample was collected at the start 
of the test (0 min).
6.3.3.1 Physicochemical parameters
The pH of the test water was 8.12, and only a slight increase was observed over the 
test period (pH 8.42 at 120 minutes). The water in this region of Santa Fe is typically 
quite salty and the test water had high conductivity and total dissolved solid levels (>
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4000 jjS/cm and > 2000 mg/l, respectively). The redox potential measured 269 mV at 
the start of the test and decreased significantly to -587 mV over the two hour test 
period. The reason for the change in redox potential is discussed in section 6.3.1.1.
6.3.3.2 Total arsenic and arsenic spéciation
The test water had an initial arsenic concentration of 404 pg/l Asj, approximately 40 
times higher than the WHO guideline for drinking water of 10 pg/l Asj. Both inorganic 
arsenic species were present, however arsenite dominated (54.2 %). Only small 
fractions of the methylated species were present (MA^: 4.7 %, DMA^: 0.5 %).
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Fig. 6.16: Percentage arsenic removal as a function of contact time for 
electrocoagulation tests conducted using 5 L of groundwater from San Cristobal (Santa 
Fe) in April 2012 (Test L).
6.3.3.3 Arsenic removal
A high level of arsenic removal was observed in Test L (5 L, 2 hrs, San Cristobal) and 
after 2 hours 96.0 % Asj removal had been achieved (Fig. 6.16). This lowered the 
arsenic levels to 16.3 pg/l Asj just above the WHO guideline for drinking water of 10 
pg/l Ast.
6.3.4 Other elements
Electrocoagulation is not specifically designed to remove just arsenic from aqueous 
solutions. Therefore, several elements can be simultaneously removed from a water 
system. During the electrocoagulation field-tests most elements did not display a 
change in concentration. The only exception was vanadium (Fig. 6.17). After 1 hour
82.7 to 90.0 % of vanadium was removed from the 5 litre tests (A, C and L), and 67.4
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% of vanadium was removed in the 10 litre test (B). After a total of 2 hours 96.9 to 97.0 
% of vanadium was removed in tests A and L (Fig. 6.17).
This similarity to arsenic was also observed at Copahue-Caviahue (Neuquén). 
Fluctuations in vanadium levels along the rio Agrio followed a similar pattern to arsenic 
(section 3.4.7) and it is believed that vanadium adsorbs onto iron-based materials 
formed when the river reaches lago Caviahue (Kading & Varekamp, 2011). During the 
electrocoagulation tests on samples collected from the upper rio Agrio no reduction in 
vanadium or arsenic was observed. However, in a test conducted at Salto del Agrio 
(Test H: 2.6 pg/l Asj), after the river has left lago Caviahue, precipitate formation was 
observed and vanadium levels decreased from 6.8 to 0.08 pg/l V after 1 hour.
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Fig. 6.17: Percentage vanadium removal as a function of contact time for 
electrocoagulation tests conducted using variable volumes of surface and groundwater 
(Test A & C = 5 L, Eduardo Castex; Test B = 10 L, Eduardo Castex; Test L = 5 L, San 
Cristobal).
6.4 Summary
Tests have been conducted to evaluate the efficiency of commercial iron oxide and 
hydroxide for the removal of arsenite (iAs'") and arsenate (iAs^) from drinking water 
and have been discussed in section 6.1. The results from these tests have been used 
as a comparison to electrocoagulation. Iron-based precipitates are formed in situ during 
electrocoagulation. The efficiency of electrocoagulation for the removal of iAs'" and iAs  ^
from drinking water has been discussed in section 6.2.
The results for iron oxide and hydroxide indicate that at the recommended drinking 
water pH levels (pH 6.5 -  9.5, WHO 2008) relatively high iAs'" and iAs  ^ removal
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percentages can be achieved for iron hydroxide, whereas, slightly lower removal 
efficiency is observed for iron oxide (pH 5 -  9):
• Iron oxide, iAs'": 47.4 -  58.4 %;
• Iron oxide, iAs :^ 31.4 -  52.3 %;
• Iron hydroxide, iAs'": 78.5 -  79.5 %; and,
• Iron hydroxide, iAs :^ 56.2 -  96.3 %.
The pH of the aqueous solution impacted the removal of iAs'" and iAs  ^ in different 
ways. Arsenate (iAs^) removal decreased from pH 3 to 12. This occurred due to the 
increasing electrostatic repulsion between the negative anion (H2ASO4 ) and the 
increasingly negative surface (Jain et al., 1999). On the other hand, the removal of iAs'" 
increased from pH 3 to 7. Arsenite is a neutral species until approximately pH 9 (pKgi = 
9.2: H3ASO3 ), therefore it is probable that a deprotonation mechanism occurs during 
the adsorption process at low pH levels. Jain at ai. (1999) reported a net release of H"" 
(pH 4.6), attributed to the deprotonation of the H3ASO3 species during the adsorption 
reaction with ferrihydrite (Fe3 0 2  O.5 H2 O). Arsenite (iAs'") becomes a charged species 
above pH 9 (H2ASO3 ) and the removal of iAs'" decreases from pH 9 to 12 due to the 
electrostatic repulsion between the anion and the negative surface.
Competing anion tests were all conducted at pH 7.0, within the recommended drinking 
water pH range (6.5 -  9.5, WHO 2008). The data obtained from the competing anion 
tests suggests that the presence of phosphate would adversely affect the removal of 
iAs'" and iAs  ^using iron oxide. In contrast, only the removal of iAs'" was reduced in the 
presence of phosphate ( 1 - 5  mg/l H P O /') using iron oxide. No significant impact on 
iAs  ^ removal by iron oxide was observed. The presence of sulphate had minimal 
impact on the removal of iAs'" or iAs  ^using iron oxide. In contrast, the removal of iAs'" 
and iAs  ^ using iron hydroxide was enhanced in the presence of 1 to 5 mg/l sulphate. 
This could potentially occur due to the formation of outer-sphere complexes between 
sulphate and As anions aiding the stability of the surface bound complexes (Zhang at 
a!., 2004).
The results from the electrocoagulation study indicate that at the recommended 
drinking water pH levels (6.5 -  9.5, WHO 2008) high iAs'" and iAs  ^ removal 
percentages can be achieved (pH 5 -  9):
• iAs'": 96.5 -  99.6 %; and,
• iAs :^ 97.5 -  99.8 %.
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The pH range 5 to 9 covers the typical pH levels recorded for the electrocoagulation 
field-study tests (pH 8.12 -  9.24). The removal of both iAs'" and iAs  ^was most efficient 
within this pH range and decreased at high (> pH 9) and low (< pH 5) pH levels.
Competing anion tests were all conducted at pH 7.0, within the recommended drinking 
water pH range (6.5 -  9.5, WHO 2008). The results from this study suggest that the 
presence of phosphate would reduce the percentage removal of both IAs'" and iAs .^ In 
contrast, no effect on either iAs'" or iAs  ^ removal was observed in the presence of 
sulphate. The sulphate levels used within this study are low in comparison to typical 
levels reported in groundwater systems in Argentina (6.8 - 3200 mg/l S O / ) (Smedley 
et al., 2002; Garcia et al., 2004). Elevated sulphate or phosphate levels within a water 
system may increase the impact the competing anion has on iAs'" and iAs  ^removal.
The field-based tests were conducted in Eduardo Castex (La Pampa), Copahue- 
Caviahue (Neuquén) and San Cristobal (Santa Fe). The arsenic levels in water from 
Eduardo Castex, and Copahue-Caviahue have been discussed in Chapter 3. San 
Cristobal is a potential area for future arsenic research and arsenic levels from the 
selected groundwater well contained 404 pg/l Asj. High levels of arsenic removal were 
found in Eduardo Castex and San Cristobal and 96 to 97 % of arsenic was removed 
after 2 hours. Low arsenic removal was found at Copahue-Caviahue due to the low pH 
levels, in agreement with laboratory tests. In addition to the removal of arsenic, the 
electrocoagulation method simultaneously removed vanadium from the water: 82.7 to
90.0 % V removed after 1 hour.
In conclusion, at the recommended drinking water pH range (6.5 -  9.5, WHO 2008) 
high arsenic removal can be achieved using the portable electrocoagulation method. 
The method was successfully applied in pilot studies in Eduardo Castex (La Pampa) 
and San Cristobal (Santa Fe) in Argentina. Both towns use reverse osmosis plants to 
treat the drinking water however, an arsenic removal method, such as 
electrocoagulation, that can be used within a house could further decrease the 
exposure to arsenic.
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7.0 Introduction
The primary aim of this research was to establish whether a relationship exists 
between arsenic levels in water (ground, surface and/or tap water) from three 
provinces in Argentina, namely Rio Negro, La Pampa and Neuquén, and human hair, 
fingernail and toenail samples. Water (ground, surface and tap) samples were 
analysed from four locations, namely General Roca (Rio Negro), Los Menucos (Rio 
Negro), Eduardo Castex (La Pampa) and Copahue-Caviahue (Neuquén). The results 
from this study are outlined in detail in Chapter 3 and the conclusions are discussed in 
section 7.1. Human hair, fingernail and toenail samples were also collected from all 
four locations (Chapter 4) and the results are discussed in section 7.2. Furthermore, 
whole blood, blood serum and urine samples were collected from healthy and type-2 
diabetic individuals to evaluate the possible link between arsenic levels and type-2 
diabetes. The results from the ‘type-2 diabetes’ study are outlined in Chapter 5 and are 
discussed in section 7.3.
The secondary aim of the study was to evaluate methods for the removal of arsenic 
from water, namely the use of solid phase material (iron oxide and hydroxide) and 
electrocoagulation (Chapter 6). Following laboratory tests the electrocoagulation 
technique was applied to water samples in Argentina. Results from all laboratory and 
field-based tests are discussed in section 7.4.
This study has highlighted several areas where further research is required to 
understand the behaviour of arsenic in the environment and in the human body, as well 
as its influence on human health. Potential areas for future research are outlined in 
section 7.5.
7.1 Natural Arsenic Levels in W ater (Ground, Surface and Tap) in Argentina
High levels of arsenic have been reported in ground/surface and drinking water in 
Argentina. Many of the northern provinces of Argentina, especially those located in the 
Chaco-Pampean plain, have been extensively studied and arsenic levels ranging from 
below 4 to 14969 pg/l Asy have been reported (refer to Table 1.4). For this research, 
water samples were collected from four locations across Argentina: General Roca (Rio 
Negro), Los Menucos (Rio Negro), Eduardo Castex (La Pampa) and Copahue- 
Caviahue (Neuquén). Samples from General Roca and Eduardo Castex have 
previously been analysed by members of this research group (Hill, 2009; O’Reilly, 
2010). However, arsenic levels in water from Los Menucos have not been previously 
reported in any published research. Furthermore, arsenic spéciation data and detailed 
total arsenic levels along the volcanic rio Agrio (Copahue-Caviahue) have not been 
previously reported.
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Water samples were analysed for trace element levels using inductively coupled 
plasma mass spectrometry (ICP-MS). Sample collection and analysis procedures are 
outlined in sections 2.1 and 2.6. Physical parameters (pH, redox potential, conductivity, 
total dissolved solids) were measured as outlined in section 2.1.2 and all results are 
shown in Appendix B. Furthermore, arsenic spéciation analysis (refer to section 2.7) 
was conducted at all locations using a novel field-based technique for the separation of 
arsenic species at the sampling site followed by elution and inductively coupled plasma 
mass spectrometry (ICP-MS) analysis in the laboratory (O’Reilly, 2010; Watts et ai, 
2010).
The following sections will outline the total arsenic and spéciation data for each of the 
sample locations: General Roca (section 7.1.1), Los Menucos (section 7.1.2), Eduardo 
Castex (section 7.1.3) and Copahue-Caviahue (section 7.1.4).
7.1.1 Rfo Negro Province: General Roca
The town of General Roca lies in the Alto Valle, the westerly section of the rio Negro 
valley. For the purpose of this study General Roca was selected as the control region 
due to the low arsenic levels previously reported in ground and surface water (range: 
0.50 -  16.4 pg/l A s t)  (Hill, 2009; O’Reilly, 2010; O’Reilly et a i, 2010). Additional 
ground, surface and tap water were collected from the town of General Roca and 
surrounding farms and arsenic levels in the water ranged from below 0.2 to 7.6 pg/l 
Ast, within the previously reported range (Table 3.2). The arsenic species were 
distributed fairly evenly, however arsenate (lAs^) was slightly favoured in most samples 
(percentage fraction range: 25.7 -  46.5 % iAs^). This is in agreement with previous 
findings reported by O’Reilly (2010) who used the same field-based separation 
technique followed by ICP-MS analysis.
7.1.2 Rio Negro Province: Los Menucos
Residents in Los Menucos rely upon groundwater for drinking, cooking and agriculture. 
Elevated arsenic levels (range: 9.3 -  35.8 pg/l Asj) were found in ground and tap water 
samples from Los Menucos and surrounding farms. Arsenic levels in water from Los 
Menucos have not been previously reported. Arsenic spéciation analysis in Los 
Menucos found that iAs  ^ dominated in some samples, whereas iAs'" dominated in 
others, from the same aquifer. Localised variations in redox potential can occur within 
an aquifer. This could, for example, occur due to input from irrigation water containing 
high organic content (Bhattacharya et a i, 2006; Garcia et a i, 2007). Arsenate (iAs^) is 
typically dominant in oxidising conditions (Smedley et a i, 2002). However, in Los 
Menucos a slight negative correlation occurred between redox potential and the 
lAs /^iAs'" ratio, which is opposite to what would be expected. This highlights the
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complexity of arsenic spéciation and indicates that the distribution of arsenic species 
cannot be predicted based purely upon the redox characteristics of a ground water 
system.
7.1.3 La Pampa Province: Eduardo Castex
Significantly higher arsenic levels were found in Eduardo Castex (range: 24.9 to 946 
pg/l A s t)  whose residents rely upon ground water sources for drinking, cooking and 
agriculture. These arsenic levels are within the range previously reported for the town:
33.0 to 1128 pg/l Asy (O’Reilly, 2010). Arsenate (iAs^) was the dominant arsenic 
species (percentage fraction range: 3.1 -  83.5 % iAs^) in 80 % of water samples from 
Eduardo Castex. This is in agreement with published research by Smedley at al. 
(2002). However, these findings contrast those made by O’Reilly (2010) who found that 
arsenite (iAs'") was the dominant species in most samples.
7.1.4 Neuquén Province: Copahue-Caviahue
The lowest arsenic levels were found in drinking water from Copahue-Caviahue (range: 
< 0.2 -  0.98 pg/l A s t) . However, high arsenic levels were found in the acidic rio Agrio 
(upper rio Agrio: 179 -  359 pg/l Asj) which originates from the crater-lake of the 
Copahue volcano (1302 pg/l Asy). The rio Agrio flows into the lago Caviahue where the 
arsenic levels are mixed with glacial melt-water and diluted (range: 19.1 -  61.4 pg/l 
Asy). After the lake the rio Agrio merges with other rivers and the arsenic levels 
decrease further (range: 1.9 -  28.8 pg/l Asy). The river flows through the town of 
Loncopue (< 0.2 pg/l Asy) and eventually merges with the rio Neuquén, a feed river for 
the rio Negro.
A further objective of this study was to monitor the changes in arsenic spéciation along 
the volcanic rio Agrio (Farnfield at al., 2012). Arsenic spéciation has not previously 
been reported for the rio Agrio system and limited information on arsenic spéciation 
has been reported for volcanic water systems globally. Arsenite (iAs'") dominated along 
the upper rio Agrio (percentage fraction range: 78.9 -  81.8 % iAs'"). However, the 
distribution of species changed at lago Caviahue and in most of the samples 
downstream arsenate (iAs^) dominated (percentage fraction range: 41.0 -  61.4 % 
iAs^). A positive correlation (Pearson) was found between redox potential and the 
iAs /^iAs'" ratio, and iAs  ^dominated in all water samples with a redox potential greater 
than 500 mV. Although the arsenic species were not directly correlated with pH, the 
increase in pH at lago Caviahue allows the formation of iron precipitates (e.g. 
Schwertmannite). During the formation of this mineral, arsenic can be incorporated into 
the mineral structure and can also adsorb onto the material surface (Kading & 
Varekamp, 2011). This could influence the species distribution by enhancing oxidation
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of iAs'" to iAs  ^ as part of an adsorption mechanism (Sun et al., 2006). High arsenic 
levels are not currently present in the lower rio Agrio (after lago Caviahue). However, 
re-acidification of the lake through volcanic fluctuations could cause the dissolution of 
iron-based minerals (e.g. Schwertmannite). This could, subsequently, release 
extremely high arsenic concentrations downstream impacting towns such as Loncopue 
(Kading & Varekamp, 2011).
7.1.5 Other trace elements
In addition to the analysis of arsenic, ICP-MS was utilised to measure levels of trace 
elements (Mn, Fe, Se, U, V and Zn) in all water samples. A strong positive correlation 
was observed between arsenic and vanadium at all locations (Table 3.20). The positive 
correlation observed between arsenic and vanadium is in agreement with published 
research from other locations in Argentina, including La Pampa (e.g. Smedley et al., 
2002; Bundschuh et al., 2004; Blanco et al., 2012). It has been suggested that the 
strong correlation observed between arsenic and vanadium is due to their common 
origin in volcanic ash and in similar mineral sources (e.g. Fe /Mn oxides) (Smedley et 
al., 2002 & 2005; Bhattacharya et al., 2006). The data from this study is in agreement 
and supports the theory that volcanic ash is a principle source of arsenic in Argentina. 
Furthermore, a strong positive correlation was also observed between arsenic and 
uranium at General Roca, Los Menucos and Eduardo Castex (Table 3.20). No 
correlation was calculated at Copahue-Caviahue as uranium levels were below 
detection. Positive correlations have previously been reported between arsenic and 
uranium in other locations in Argentina (Smedley et al., 2002; Bundschuh et al., 2004; 
Nicolli et al., 2012^ )^. As with vanadium, the strong relationship between arsenic and 
uranium could occur due to a similar source (e.g. iron hydroxides) (Longmire et al., 
2006; Brown & Zielinski, 2010). Selenium, on the other, showed varying correlations 
with arsenic. A significant positive correlation was found between arsenic and selenium 
in General Roca (probability, p < 0.01), whereas in Eduardo Castex a negative 
correlation was found (rp = - 0.370, p = 0.143). This could suggest that arsenic and 
selenium do not come from the same source.
7.1.6 W ater analysis overview
This study found that the exposure of residents to total arsenic in water from each of 
the locations increased in the order; General Roca < Los Menucos < Eduardo Castex. 
Copahue-Caviahue is a unique location and has been selected due to the potential 
exposure to arsenic from the volcanic river, the rio Agrio (section 7.1.4). The drinking 
water for the towns of Copahue and Caviahue comes from snow/glacier melt-water 
lakes, rivers and/or springs. Analysis of the drinking water revealed arsenic levels
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(range: < 0.2 -  0.98 pg/l Asy) below those found in General Roca (range: < 0.2 to 7.6 
pg/l ASy).
Trace element analysis has found positive correlations between arsenic and 
vanadium/uranium (section 7.1.5). These relationships support the theory that the two 
main sources of arsenic in Argentina are volcanic ash and iron-based minerals.
7.2 Arsenic Levels in Hair, Fingernails and Toenails from Argentina
Arsenic exposure can be monitored using samples such as hair, fingernails and 
toenails (e.g. Garland 1993 & 1996; Chojnacka et al., 2005; Brima et al., 2006). Hair 
samples have previously been collected by Concha et al. (2006) for individuals in 
several locations in the province of Salta (north Argentina). Within the study the 
researchers found that the arsenic levels in the hair samples increased with increasing 
exposure in drinking water. In this study four regions have been analysed with varying 
arsenic exposure levels in ground, surface and/or tap water. In order to evaluate the 
impact of arsenic exposure on arsenic levels in hair, fingernails and toenails, samples 
were collected from each of the four locations: Eduardo Castex (La Pampa), General 
Roca (Rio Negro), Los Menucos (Rio Negro) and Copahue-Caviahue (Neuquén). All 
biological samples were analysed for trace element levels using inductively coupled 
plasma mass spectrometry (ICP-MS). Sample collection and analysis procedures are 
outlined in sections 2.2 and 2.6.
7.2.1 Rio Negro Province: General Roca
The arsenic levels in washed hair (range: < 0.05 -  0.33 mg/kg Asy), fingernail (range: < 
0.05 -  2.84 mg/kg Asy) and toenail (range: < 0.06 -  5.71 mg/kg Asy) samples from the 
control region of General Roca (section 4.1.1, 4.2.1 & 4.3.1) were generally within the 
typical range of arsenic levels for people unexposed to arsenic (Hindmarsh, 2000; 
Mazumder, 2000).
7.2.2 Rio Negro Province: Los Menucos
Higher arsenic exposure was found in water from Los Menucos (range: 9.3 -  35.8 pg/l 
Asy). Subsequently, significantly higher levels of arsenic (p < 0.01) were recorded in 
washed hair (range: 0.05 -  0.47 mg/kg Asy), fingernail (range: < 0.2 -  0.61 mg/kg Asy) 
and toenail (range: 0.23 -  1.62 mg/kg Asy) samples from residents in Los Menucos 
(LM), when compared to samples from General Roca (Table 4.25).
7.2.3 La Pampa Province: Eduardo Castex
The highest levels of arsenic exposure were found in water from Eduardo Castex 
(range: 24.9 to 946 pg/l Asy). Significantly higher levels of arsenic (p < 0.01) were 
recorded in washed hair (range: < 0.03 -  4.24 mg/kg Asy), fingernail (range: < 0.05 -
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10.7 mg/kg Asy) and toenail (range: 0.09 -  13.8 mg/kg Asy) samples from residents in 
Eduardo Castex (EC), when compared to samples from General Roca (Table 4.25). A 
water treatment plant (reverse osmosis) provides water with low arsenic levels to the 
community (refer to section 3.3.2). However, the hair, fingernail and toenail results 
reveal that arsenic exposure remains elevated compared to the control region. This 
suggests that the treated water is not used for all drinking, cooking and washing 
purposes and opens an area for future research which is discussed further in section 
7.5.
7.2.4 Neuquén Province: Copahue-Caviahue
Significantly lower arsenic levels (p < 0.05) were found in washed hair (range: < 0.05 -  
0.15 mg/kg Asy), fingernail (range: < 0.05 -  0.09 mg/kg Asy) and toenail (range: < 0.05 
-  1.67 mg/kg Asy) samples from participants in Copahue-Caviahue compared to 
General Roca (Table 4.25). Residents in Copahue are seasonal workers at the 
Copahue Spa. During the winter months most participants live in Loncopue, 
approximately 60 km away. Residents in Copahue and Caviahue were exposed to very 
low levels of arsenic in drinking water (range: < 0.20 -  0.98 pg/l Asy). However, high 
arsenic levels are present in the local river system (rio Agrio: < 0.20 -  359 pg/l Asy). 
The low levels found in hair, fingernail and toenail samples from residents of Copahue- 
Caviahue, suggests that the environmental exposure to arsenic had minimal impact on 
the arsenic levels in these biological samples.
7.2.5 Influence o f co-factors
Mann-Whitney U-Tests were used to evaluate the influence of three co-factors (gender, 
age and smoking) on the levels of arsenic in washed hair, fingernail and toenail 
samples from healthy populations (section 4.8). These tests revealed that gender and 
smoking had no significant influence (p > 0.05) on the arsenic levels in any of the 
biological sample types. Although statistical differences were observed between age 
groups, the trends varied between sample types and exposure levels (Table 4.22). For 
example, in the low exposure group (General Roca and Copahue-Caviahue) 
children/adolescents had higher arsenic levels in their fingernail samples (p < 0.05), 
whereas in the high exposure group (Los Menucos and Eduardo Castex) adults had 
higher arsenic levels in their fingernail samples (p < 0.01). Contradictory results have 
also been reported for each of the above factors (gender, age and smoking) in previous 
research (e.g. Chiou eta!., 1997; Saad & Hassanien, 2001; H inwood at al., 2003). The 
data from this study, and from previous research, highlights that the influence of co­
factors on arsenic levels in hair, fingernail and toenail samples is complex and varies 
between populations.
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7.2.6 Other trace elements
In addition to arsenic, other trace element levels also varied between study 
populations. Positive correlations (Spearman rank: p < 0.01) were found in washed 
hair, fingernail and toenail samples between arsenic and vanadium, uranium and 
selenium. The correlations occurred across all of the sample locations and are most 
likely due to the similarity in exposure levels with the highest levels of As, V, U and Se 
found in water, hair, fingernail and toenail samples from Eduardo Castex. Strong 
positive correlations between arsenic and vanadium also occur at individual sample 
locations. However, variations in correlations between uranium/selenium and arsenic 
occur at individual sample locations. These variations could occur due to differences in 
a range of factors including, water chemistry, ethnicity, and diet (e.g. Brima et al., 2006; 
Navas-Acien et al., 2011).
7.2.7 Arsenic exposure study overview
This study found that the arsenic levels in washed hair, fingernail and toenail samples 
of residents in each of the locations typically increased in the order: Copahue-Caviahue 
< General Roca < Los Menucos < Eduardo Castex. This follows the same pattern 
observed for arsenic levels in water samples (refer to section 7.1.6). Furthermore, 
positive correlations (Pearson) were observed between median arsenic levels in water 
from each of the four locations and the median arsenic levels in each of the three 
washed sample types (hair, fingernail, toenail) (Table 4.19). This study has added to 
the information available for the influence of arsenic exposure on human samples 
globally and has expanded the knowledge of arsenic in Argentina. Limited information 
on arsenic in human samples is available for South America and published research 
from Argentina focused on hair samples from individuals resident in the province of 
Salta (Concha et al., 2006).
7.3 Arsenic Exposure and Type-2 Diabetes
This study has shown that arsenic levels in human samples (hair, fingernails and 
toenails) have a positive relationship with arsenic exposure through ground, surface 
and/or tap water (section 7.2.7). However, it is also important to understand the 
influence of arsenic on health disorders. Previous research has found elevated 
prevalence, incidence and mortality rates for type-2 diabetes in areas with elevated 
arsenic exposure through drinking water (e.g. Tseng et al., 2000; Meliker et al., 2007). 
Furthermore, studies have evaluated the possible relationship between arsenic levels 
in biological samples and type-2 diabetes, with varying results (e.g. Ruiz-Navarro etal., 
1998; Afridi etal., 2008; Navas-Acien etal., 2008; Chen etal., 2010; Kim & Lee, 2011).
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The highest arsenic levels in water, hair, fingernail and toenail samples were recorded 
in Eduardo Castex. Therefore, this town was selected to further evaluate the influence 
of arsenic on human health. In order to establish whether a link exists between arsenic 
levels in biological samples and type-2 diabetes within this community, hair, fingernail, 
toenail, urine, whole blood and blood serum samples were collected from healthy and 
type-2 diabetic individuals (Chapter 5). All biological samples were analysed for trace 
element levels using inductively coupled plasma mass spectrometry (ICP-MS). Sample 
collection and analysis procedures are outlined in sections 2.2 to 2.6.
7.3.1 Arsenic and diabetes: hair, fingernail and toenail samples
Although hair and nails are both formed from the same protein (keratin) (Srogi at a/., 
2006) and arsenic binds to the sulphur groups in cystine or other amino acids (Slotnick 
& Nriagu, 2006), the impact of type-2 diabetes varied between hair and nail samples. 
No significant difference in arsenic levels were found between hair samples from type-2 
diabetic and healthy participants (section 5.3). However, significantly lower (p < 0.01) 
arsenic levels were found in both fingernail and toenail samples from type-2 diabetic 
participants compared to healthy controls (Table 5.5). One of the symptoms of type-2 
diabetes is poor circulation which can impact on the growth of nails (Jefford & Swain, 
2006). It could be suggested that the level of arsenic in fingernails or toenails in 
individuals with type-2 diabetes is reduced due to lower amounts of arsenic getting to 
the nail bed through poor circulation or potentially because of low arsenic uptake into 
the nail matrix due to poor nail growth.
7.3.2 Arsenic and diabetes: whole blood, urine and blood serum
Unlike hair, fingernails and toenails, whole blood, urine and blood serum represent 
recent exposure to arsenic (Karim, 2000; Mazumder, 2000). No statistical difference 
was found between arsenic levels in whole blood from type-2 diabetics and healthy 
individuals (section 5.6). In contrast, significantly higher arsenic levels were found in 
urine (p < 0.05) and blood serum (p < 0.01) samples from type-2 diabetics compared to 
healthy participants (Tables 5.6 & 5.8). The elevated levels of arsenic could indicate 
higher arsenic exposure. This could occur through increased consumption of water 
containing arsenic, changes in diet or due to higher arsenic levels in the drinking water. 
However, when evaluating the urine samples from 2011 no significant difference 
between the two groups was observed. Furthermore, significantly lower arsenic levels 
were present in the urine from May/June 2011 compared to May/June 2012. This could 
suggest that fluctuations in arsenic exposure levels occured. The changes in exposure 
may occur due to fluctuations in rainfall. The area around Eduardo Castex is within a 
transition zone between the humid temperate climate of the east and the steppe
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climate of the west. The area is, therefore sensitive to abrupt changes in rainfall (Pérez 
etal., 2011; Pérez & Sierra, 2012).
7.3.3 Influence o f co-factors
Mann-Whitney U-Tests were used to evaluate the influence of three co-factors (gender, 
age and smoking) on the levels of arsenic in washed hair, fingernail and toenail 
samples, as well as urine, whole blood and blood serum samples from the T2D and ND 
groups. Smoking (section 5.9.3) and gender (section 5.9.1) had minimal influence on 
arsenic levels in any of the sample types. In contrast, age had a significant impact on 
arsenic levels in hair and urine (section 5.9.2). Healthy participants between the ages 
of 20 to 39 years old had significantly (p < 0.05) higher levels of arsenic in their hair 
than those over 40 years old (Table 5.13). Furthermore, taking into account all hair 
samples collected in Eduardo Castex for the ‘exposure’ and ‘type-2 diabetes’ studies 
the median arsenic levels decreased with increasing age across three age groups: < 19 
yrs, 20 -  39 yrs, 40 -  59 yrs. The decrease could occur due to changes in arsenic 
exposure level or through changes in the cystine content of hair fibres (amino acid with 
disulphide group which binds to arsenic). Although no consistent relationship has been 
found between age and the cystine content of hair (Robbins, 2012), the disulphide 
content in hair can be impacted by factors such as diet, cosmetic treatment and 
environmental effects (e.g. sunlight degradation). Variations in lifestyle may occur 
between age groups (e.g. different amounts of cosmetic treatment of hair) which may 
subsequently cause a variation in the cystine content of hair with age. If the cystine 
content of hair decreased with age, it could subsequently cause a decrease in the 
amount of arsenic in the hair.
The arsenic content in urine was significantly lower in type-2 diabetic (p < 0.01) and 
healthy (p < 0.05) participants over the age of 60 years, compared to those between 
the age of 20 and 59 years (Table 5.14). The lower arsenic levels may occur due to a 
natural aging process. The ability to concentrate urine decreases with normal aging 
(Epstein, 1996; Sands, 2008 & 2009). It could, therefore, be suggested that the 
decrease in arsenic concentration observed in urine from participants over the age of 
60 may be a result of a reduced ability to concentrate urine.
7.3.4 Diabetes study overview
This study provides extensive information on arsenic levels in a range of biological 
sample types, namely hair, fingernails, toenails, urine, whole blood and blood serum, 
from both type-2 diabetic and healthy participants (Chapter 5). The findings from this 
study revealed that trends varied between sample types. Many published studies focus 
on one or two sample types, however, this study has highlighted the importance of
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understanding the impact a health disorder, such as type-2 diabetes has on the 
distribution of trace elements in the human body. Nail samples represent long-term 
exposure and have been shown to have a good level of reproducibility (Garland et al., 
1993). However, this study highlighted that in individuals with type-2 diabetes arsenic 
levels may be decreased in nails due to changes in blood circulation, rather than 
exposure levels (section 5.4). On the other hand, this study has also highlighted how 
markers of recent arsenic exposure (e.g. urine) can be significantly influenced by 
fluctuations in arsenic exposure (section 5.5). The findings from this study put into 
question the use of biological samples for evaluating arsenic exposure in individuals 
with a health disorder. Furthermore, it opens several routes for additional research to 
evaluate the impact of arsenic on human health. This will be discussed further in 
section 7.5.
7.4 Arsenic Removal from W ater
The ‘exposure study’ (Chapter 4) revealed that despite the use of reverse osmosis 
water treatment in Eduardo Castex significantly elevated levels of arsenic are still found 
in hair, fingernail and toenail samples from local residents. This highlighted the 
requirement for a low-cost method for the removal of arsenic from all water used within 
the home. Two methods were evaluated as part of this research, namely arsenic 
adsorption using iron (hydr)oxide (section 6.1) and electrocoagulation (section 6.2). 
Both methods have previously been reported in published research (section 1.6). 
However, this study has evaluated the limitations of each method and has determined 
whether the electrocoagulation technique is “fit-for-purpose” through field-based 
studies in Argentina (section 6.3).
7.4.1 Iron (hydr)oxide
Both commercial iron oxide and hydroxide were evaluated in the laboratory for the 
removal of arsenate (lAs^) and arsenite (lAs'"). Using duplicate sample analysis, both 
materials displayed high percentage removal for lAs  ^ and lAs'". However, iron 
hydroxide removed a higher percentage of both lAs'" (78.5 ±1 . 0  %) and lAs  ^ (81.2 ±
5.4 %), compared with iron oxide (58.1 ± 0.04 % lAs'"; 45.5 ± 3.5 % lAs^) after 48 
hours.
The influence of pH on lAs  ^and lAs'" removal was evaluated in the laboratory (section 
6.1.4). The removal of lAs  ^decreased with increasing pH from 3 to 12. This occurred 
due to the increasing electrostatic repulsion between the arsenic anion and the surface 
of the iron (hydr)oxide; for more information refer to section 1.6.1.2. The removal of 
lAs'", on the other hand, increased up to pH 7. The mechanism for the removal of lAs'" 
at pH levels below 9 when lAs'" is an uncharged species (H3ASO3) is debated.
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However, the findings in this study support the theory that deprotonation of the arsenic 
species occurs as part of the adsorption mechanism (Zhu et al., 2009); for further 
information refer to section 6.1.4. At pH levels above 9 the lAs'" is charged and the 
removal of lAs'" by iron (hydr)oxide decreased due to the electrostatic repulsion 
between the arsenic anion and the surface of the iron (hydr)oxide.
The impact of sulphate and phosphate on lAs  ^and lAs'" removal were also investigated 
(section 6.1.5). In agreement with published research, phosphate reduced the amount 
of both arsenic species removed from the water (e.g. Zeng et al., 2008; Jain & 
Loeppert, 2000). Sulphate, on the other hand, had minimal impact on the removal of 
arsenic by iron oxide. However, the removal of lAs  ^by iron hydroxide was enhanced in 
the presence of sulphate (section 6.1.5.2). This may occur due to the formation of 
sulphate complexes or precipitates on the surface of the iron hydroxide, thus stabilising 
the arsenic complexes (Zhang et al., 2004; Jia et al., 2006).
7.4.2 Electrocoagulation
An electrocoagulation device was evaluated in the laboratory for its ability to remove 
iAs  ^and iAs'" from water. The device is composed of two mild steel electrodes (12.5 x
3.5 cm, 2 mm thick) spaced 3 mm apart, attached to a small photovoltaic (PV) solar 
panel (Solarex MSX-01, 1.1 Watt) measuring 12 x 12 cm (section 6.2). 
Electrocoagulation removes arsenic through the production of iron oxyhydroxides in the 
solution (refer to section 1.6.2.1). A high percentage removal of both arsenic species 
was achieved at pH 7 after 2 hours contact time (98.7 % iAs'"; 99.6 % iAs^).
The influence of pH on iAs  ^and iAs'" removai was evaluated in the laboratory (section 
6.2.2). Similar removal patterns were observed for both iAs'" and iAs  ^ (Fig. 6.12). Low 
arsenic removal was observed at acidic pH levels (pH 1 -  3). This may have occurred 
due to dissolution of the iron precipitates at low pH levels (Kading & Varekamp, 2011). 
The highest percentage removals were achieved between pH 5 and 9. Above this pH 
level the percentage arsenic removal began to decrease due to increased electrostatic 
repulsion between the arsenic anions and the surface of the iron oxyhydroxides; for 
further information refer to section 1.6.1.2.
As for iron (hydr)oxide, the impact of sulphate and phosphate on iAs  ^and iAs'" removal 
were also investigated (section 6.2.3). Phosphate reduced the percentage removal of 
both iAs'" and iAs  ^ (Fig. 6.13), whereas sulphate displayed minimal impact on either 
either iAs  ^ or iAs'" removal by electrocoagulation (Fig. 6.14). It has been reported in 
previous research that the impact of competing anions can be overcome in field-based 
tests by increasing the amount of contact time, thus allowing the amount of iron 
oxyhydroxides produced to increase (Wan et al., 2011).
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7.4.3 Arsenic rem oval overview and field-based tests
The electrocoagulation test method removed a greater amount of both iAs'" and iAs  ^
within a 2 hour contact time, than either iron oxide or hydroxide. Furthermore, at the 
recommended drinking water pH range (pH 6.5 -  9.5, WHO 2008), electrocoagulation 
had a greater percentage removal for both IAs'" and lAs .^ Therefore, the 
electrocoagulation method was evaluated in field-based tests in Argentina. The field- 
based tests on groundwater from Eduardo Castex (La Pampa) and San Cristobal 
(Santa Fe) revealed a high arsenic removal percentage (96 to 97 %) after 2 hours. In 
addition to the removal of arsenic, the electrocoagulation method simultaneously 
removed vanadium from the water: 82.7 to 90.0 % V removed after 1 hour. This 
suggests that electrocoagulation could be a suitable method for removing arsenic on a 
small, low-cost scale.
7.5 Future Work
This study has established a link between arsenic levels in water and those in washed 
hair, fingernail and toenail samples. However, it has become evident that despite the 
availability of treated water in Eduardo Castex, the arsenic levels in hair, fingernail and 
toenail samples from local residents remain significantly higher (p < 0.01) than levels in 
samples from residents in the control town of General Roca (section 7.2.3). Within this 
study water samples were not collected from individual study participants. Further work 
would be required to establish the arsenic exposure pathway(s) through the analysis of 
water used for drinking, cooking and washing, as well as the water used for making 
mate (a popular hot drink). Furthermore, food has been shown to contain arsenic 
(section 1.2.3); therefore the analysis of food provided by individuals could further add 
to arsenic exposure information for residents in Eduardo Castex. This study has also 
revealed significant differences between arsenic levels in participants with type-2 
diabetes compared to healthy participants. However, the cause(s) of these variations 
have not been established. Future work is required to establish whether those with 
type-2 diabetes are typically exposed to higher arsenic levels via 
drinking/cooking/washing water or food, or whether there are differences in the 
metabolism of arsenic. The removal of arsenic through the use of a smali household 
electrocoagulation device has been successfully applied to water from several 
locations in Argentina, including Eduardo Castex. The next step in this study would be 
to conduct a pilot study whereby the device is used over a longer-period of time. 
Secondly, the device could be applied for the treatment of water within a household 
and the efficiency of arsenic removal can be monitored over the period of the 
experiment. Furthermore, the impact of using a household arsenic removal technique 
could be evaluated by monitoring arsenic leveis in biological samples.
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Appendix A1: Ethics Approval Letter (EC/2010/124/FHMS)
UNIVERSITY OF
SURREY
Ethics Committee
Hannah Farnfield 
Chemical Sciences 
FHMS
17 March 2011
Dear Miss Farnfield
The Determination of Arsenic and Other Trace Elements in Biological Samples form 
the Collection of Human Scalp Hair. Nails. Urine and Blood ECy2010/124ffHMS
On behalf of the Ethics Committee, I am pleased to confirm a favourable ethical opinion for the 
above research on the basis described in the submitted protocol and supporting 
documentation.
Date of confirmation of ethical opinion: 17 March 2011.
The final list of documents reviewed by the Committee is as follows:
Document
Summary of the project
Detailed protocol for the project
Information sheet for participants
Information sheet for children
Consent form
Consent form for Parent/Carer (Children)
Assent form for children
Questionnaires
Standard Operating Procedures
Checklists for Travellers
Hazard checklist for travellers
Insurance letter
This opinion is given on the understanding that you will comply with the University’s Ethical 
Guidelines for Teaching and Research. If the project includes distribution of a suwey or 
questionnaire to members of the University community, researchers are asked to include a 
statement advising that the project has been reviewed by the University's Ethics Committee.
The Committee should be notified of any amendments to the protocol, any adverse reactions 
suffered by research participants, and if the study is terminated earlier than expected with 
reasons. Please be advised that the Ethics Committee is able to audit research to ensure that 
researchers are abiding by the University requirements and guidelines.
You are asked to note that a further submission to the Ethics Committee will be required in the 
event that the study is not completed within five years of the above date.
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Please inform me when the research has been completed. 
Yours sincerely
Glenn Moulton
Secretary. University Ethics Committee 
Registry
cc: Professor S Williamson, Chairman, Ethics Committee
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Appendix A2: Location/ Diabetes Study Main Questionnaire
Appendix A
Participant Code Number: 
Collection Date:
Notes:
Town/Province:
Residence:
- 0 1 2 0 1 1 -
Personal Information:
Sex:
Age:
Height:
Weight:
Male
Years
Metres
Kilograms
Health:
How many times do you exercise per week?
Female
Months
Centimetres
for how many hours?
How long have you lived here?__________years
Where did you live before? ___________ town/city
Number of members of family  ________ adults
children
Do you have any permanent illness? 
if yes:________________________
Yes No
Have you had any temporary illness in the past 12 months? 
If yes:__________________________________________
Do you apply any special treatments to your hair?
Special shampoos (delouser, dandruff, etc)
Yes No
I I Dyes I I Oxygenation | |
Spray | | Hair gel Other
Do you apply any special treatments to your nails?
Nail Varnish □Calcium Other
Children only:
Does your child attend school?
If yes. School_____________________________
How would you describe their academic achievement?
□ - 
□ Yes
Grade
Adults only:
Are you employed?
If yes: Where_____
Type of work,
I I Yes I I No
Do you smoke?
If yes, how many per day?
Yes No
□ No
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Appendix A3: Diabetes Study Additionai Questionnaire 
Research Participant Sample Information Form
Clinical History Questionnaire
Sample Information:
Code Number;
Sample Code Number
Blood - B 0 1 2 0 1 1 -
Urine - U 0 1 2 0 1 1 -
Hair - H 0 1 2 0 1 1 -
Fingernail - F 0 1 2 0 1 1 -
Toenail - T 0 1 2 0 1 1 -
Diabetes Type: 
Type 1: Type 2: □ None:
Medication: Supplements:
Mineral
Fatty Acids
Vitamins
Other
Samples Collected by: 
Collection Data:
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Appendix A4: Consent Form for Adults (Location Study)
Consent Form (EC/2010/124/FHMS)
• I the undersigned voluntarily agree to take part in the study on The Determination
of Arsenic and Other Trace Element Spéciation in Biological Samples from the
Collection of Human Scalp Hair and Human Fingernails/Toenails.
• I have read and understood the Information Sheet provided. I have been given a
full explanation by the investigators of the nature, purpose, location and likely
duration of the study, and of what I will be expected to do. I have been assured that 
there will be no discomfort or possible ill-effects on my health and well-being which 
may result from participating in this study. I have been given the opportunity to ask 
questions on all aspects of the study and have understood the advice and 
information given as a result.
• I agree to comply with any instruction given to me during the study and to co­
operate fully with the investigators.
• I agree to the investigators contacting my local medical practitioner about my 
participation in the study, and I authorise my local medical practitioner to disclose 
details of my relevant medical or drug history, in confidence.
• I consent to my personal data, as outlined in the accompanying information sheet, 
being used for the research project detailed in the information sheet, and agree that 
data collected may be shared with other researchers or interested parties. I 
understand that all personal data relating to volunteers is held and processed in the 
strictest confidence, and in accordance with the UK Data Protection Act (1998).
• I understand that I am free to withdraw from the study at any time without needing 
to justify my decision and without prejudice.
• I confirm that I have read and understood the above and freely consent to 
participating in this study. I have been given adequate time to consider my 
participation and agree to comply with the instructions and restrictions of the study.
Name of participant (BLOCK CAPITALS) .................................
Signed .................................
Date .............................
Name of researcher/person taking consent (BLOCK CAPITALS) ...........................
Signed.......................................................................................................... ..............................
Date
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Appendix A5: Consent Form for Children (< 18yrs) (Location Study)
Consent Form for Parent/Carer (Children) (EC/2010/124/FHMS)
• I/We the undersigned voluntarily agree that my/our child/children (< 18 years old) 
can take part in the study on The Determination of Arsenic and Other Trace 
Element Spéciation in Biological Samples from the Collection of Human Scalp Hair 
and Human Fingernails/Toenails.
• I/We have read and understood the Information Sheet provided. I/We have been 
given a full explanation by the investigators of the nature, purpose, location and 
likely duration of the study, and of what my/our child/children will be expected to do. 
I/We have been assured that there will be no discomfort or possible ill-effects on 
my/our child’s/children’s health and well-being which may result from participating 
in this study. I/We have been given the opportunity to ask questions on all aspects 
of the study that my/our child/children will be undertaking and have understood the 
advice and information given as a result.
• I/We agree (on behalf of my/our child/children) to comply with any instruction given 
to us during the study and to co-operate fully with the investigators.
• I/We agree to the investigators contacting my/our local medical practitioner about 
my/our child’s/children’s participation in the study, and I authorise my/our local 
medical practitioner to disclose details of my/our child’s/children’s relevant medical 
or drug history, in confidence.
• I/We consent to my/our child’s/children’s personal data, as outlined in the 
accompanying information sheet, being used for the research project detailed in the 
information sheet, and agree that data collected may be shared with other 
researchers or interested parties. I/We understand that all personal data relating to 
volunteers is held and processed in the strictest confidence, and in accordance with 
the UK Data Protection Act (1998).
• I/We understand that my/our child/children is/are free to withdraw from the study at 
any time without needing to justify any decision and without prejudice.
• I/We confirm that I/We have read and understood the above and freely consent to 
my/our child/children participating in this study. I/We have been given adequate 
time to consider my/our child's/children's participation and agree to comply with the 
instructions and restrictions of the study.
Name of participant (BLOCK CAPITALS).........................................................................
Age of participant (years) ................................................
Name of Parent(s)/Carer(s) of participant (BLOCK CAPITALS) ..............................
Signed................................................................................................................................
Date......................................................................................................................................
Name of researcher/person taking consent (BLOCK CAPITALS) .........................
Signed ............................
Date .........................
Has the child indicated their assent? Yes | | No Q
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Appendix A6: Assent Form for Children (<18 yrs) (Location Study)
Assent Form for Children (ec /2010 /124 /fh m s)
STUDY: The Determination of Arsenic and Other Trace Element Spéciation in 
Biological Samples from the Collection of Human Scalp Hair and Human 
Fingernaiis/Toenaiis.
I voluntarily agree to take part in the study.
I have read (or had explained to me by the project coordinator) and understood the 
Information Sheet provided.
I understand that I will be asked to provide a hair and nail sample to the project 
coordinator, and that I will need to complete a questionnaire.
I have been given the chance to ask questions and have understood the advice 
and information given.
I understand that I can choose not to take part in the study at any point.
I confirm that I have read and understood the above and freely consent to 
participate in this study. I have been given adequate time to consider my 
participation and agree to comply with the instructions and restrictions of the study.
Name of participant (BLOCK CAPITALS) ..................................
Signed .................................
Age of participant (years) .............................
Name of researcher/person taking consent (BLOCK CAPITALS)
Signed...........................................................................................
Date .........................................
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Appendix A7: Consent Form for Adults (Type-2 Diabetes Study)
Consent Form (Type-2 Diabetes Study) (EC /2010/124/FHM S)
• I, the undersigned, voluntarily agree to take part in the study on The Determination 
of Arsenic and Other Trace Element Spéciation in Biological Samples from the 
Collection of Human Scalp Hair, Fingernails/Toenails, Urine and Blood.
• I have read and understood the Information Sheet provided. I have been given a 
full explanation by the investigators of the nature, purpose, location and likely 
duration of the study, and of what I will be expected to do. I have been assured that 
there will be no discomfort or possible ill-effects on my health and well-being which 
may result from participating in this study. I have been given the opportunity to ask 
questions on all aspects of the study and have understood the advice and 
information given as a result.
• I agree to comply with any instruction given to me during the study and to co­
operate fully with the investigators.
• I agree to the investigators contacting my local medical practitioner about my 
participation in the study, and I authorise my local medical practitioner to disclose 
details of my relevant medical or drug history, in confidence.
• I consent to my personal data, as outlined in the accompanying information sheet, 
being used for the research project detailed in the information sheet, and agree that 
data collected may be shared with other researchers or interested parties. I 
understand that all personal data relating to volunteers is held and processed in the 
strictest confidence, and in accordance with the UK Data Protection Act (1998).
• I understand that I am free to withdraw from the study at any time without needing 
to justify my decision and without prejudice.
• I confirm that I have read and understood the above and freely consent to 
participating in this study. I have been given adequate time to consider my 
participation and agree to comply with the instructions and restrictions of the study.
Name of participant (BLOCK CAPITALS) ..................................................
Signed ..................................................
Date ..............................
Name of researcher/person taking consent (BLOCK CAPITALS).............. .......................
Signed .....................
Date ...............................
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Appendix A8: Information Sheet for Adults (Location Study)
Information Sheet for Participants (EC/2010/124/FHM S)
The following information sheet is intended to be read by participants of this research
project.
• This research project aims to look into the effects of environmental arsenic and 
other trace elements in local water supplies on the health of the local population 
(via scalp hair and nail analysis).
• Arsenic is a chemical which is present in the natural environment. Naturally high 
levels may have a negative effect on the growth of plants and the health of animals 
and humans.
• Reasons for undertaking this research include:
• What are the levels of arsenic in the local water?;
• What are the levels of arsenic in hair and nails?; and,
• Do these levels relate to health? Based on the answers in the questionnaire.
• Participants for this study will be approached (based on their suitability) by the local 
research project coordinator (via teachers, clinical practitioners or employers) 
involved in this research. Sample consent forms will be issued and after approval, 
sample collection will then be carried out by the local research coordinator.
• In undertaking this study, the participant is aware that they must co-operate fully 
with the investigators. A questionnaire will be provided that must be filled in as 
much as possible, which relates to the general health and diet of the participant at 
the time the sample(s) is collected.
• Participants are free to withdraw from the study at any time without needing to 
justify their decision and without prejudice.
• All personal information held regarding the health of the participant would remain in 
the strictest confidence, unless permission had been granted by the named 
participant to divulge certain information to a third party. The scientific data 
collected may be used in research publications without any reference to an 
individual or their personal information.
• Participants of the study will receive a clinical assessment and if necessary medical 
advice and guidance.
• This study has been reviewed and has received a favourable ethical opinion from 
the University of Surrey Ethics Committee.
• Any complaints or concerns about any aspects of the way you have been dealt with 
during the course of the study will be addressed; please contact Andrea Marcilla on 
02941554171, who will pass any complaints and concerns on to Prof. N.I. Ward, 
Principal Investigator (0044 1483 689303).
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Appendix A9: Information Sheet for Children (< 18 yrs) (Location Study)
Information Sheet for Children (EC/2010/124/FHM S)
The following information sheet is intended to be read by participants of this research
project.
• This research project will look at the chemistry of the local water supply and look at
how this affects the health of local people.
• Reasons for undertaking this research include:
• What is the chemistry of the local water?;
• What is the chemistry of your hair and nails?; and,
• Does this chemistry affect your health? Based on your questionnaire answers.
• Participants for this study will be approached by their teacher and the local 
research project coordinator.
• You will be asked to complete an assent form and a consent form will be given to 
your parents/carer.
• If you agree to take part you will be asked to provide a small hair and nail sample to 
the research project coordinator.
• You will be provided with a questionnaire to complete, with the help of 
parents/carers if required.
• You can choose not to take part in the study at any point.
• All the information you provide will be kept in confidence and will not be shared with 
other people.
• All the scientific data we collect may be used to write reports but your personal 
information (e.g. your name) will not be used.
• This study has been reviewed and has received a favourable ethical opinion from 
the University of Surrey Ethics Committee.
• If you have any questions or problems you or your parent/carer can contact contact 
Andrea Marcilla on 02941554171.
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Appendix A10: Information Sheet for Adults (Type-2 Diabetes Study)
Information Sheet for Type-2 Diabetes and Control Participants
(EC/2010/124/FHM S)
The following information sheet is intended to be read by the participants of this
research project.
• This research project aims to look into the effects of environmental arsenic and 
other trace elements in local water supplies on the health of the local population 
(via scalp hair, nail, blood and urine analysis).
• Arsenic is a chemical which is present in the natural environment. Naturally high 
levels may have a negative effect on the growth of plants and the health of animals 
and humans.
• Reasons for undertaking this research include:
• What are the levels of arsenic in the local water?;
• What are the levels of arsenic in hair and nails?; and,
• Do these levels relate to health? Based on the answers in the questionnaire.
• Participants for this study will be approached (based on their suitability) by the local 
research project coordinator (via teachers, clinical practitioners or employers) 
involved in this research. Sample consent forms will be issued and after approval, 
sample collection will then be carried out by the local research coordinator.
• In undertaking this study, the participant is aware that they must co-operate fully 
with the investigators. A questionnaire will be provided that must be filled in as 
much as possible, which relates to the general health and diet of the participant at 
the time the sample(s) is collected.
• Participants are free to withdraw from the study at any time without needing to 
justify their decision and without prejudice.
• All information held regarding the health of the participant would remain in the 
strictest confidence, unless permission had been granted by the named participant 
to divulge certain information to a third party. The scientific data collected may be 
used in research publications without any reference to an individual or their 
personal information.
• Participants of the study will receive a clinical assessment and if necessary medical 
advice and guidance.
• This study has been reviewed and has received a favourable ethical opinion from 
the University of Surrey Ethics Committee.
• Any complaints or concerns about any aspects of the way you have been dealt with 
during the course of the study will be addressed; please contact Andrea Marcilla on 
02941554171, who will pass any complaints and concerns on to Prof. N.I. Ward, 
Principal Investigator (0044 1483 689303).
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Water Sample Information
Appendix B
Appendix Tabie B1: Physicochemical parameters and total arsenic concentrations for 
all ground-, surface- and tap water samples collected from General Roca (Rio Negro).
Code Description pH
T
(C)
0
(pS/cm)
TDS
(mg/l)
Eh
(mV)
AST
(pg/i)
Rural Well
GR1 Marcilla Farm House (1) 7.18 20 558 280 117 2.2
GR2 Bubalco Zoo (well 1) 7.66 20.9 200 99 376 2.2
GR3 Bubalco Zoo (well 2) 7.37 21 196 100 344 2.0
GR4 Bubalco Zoo (well 3) 7.58 17.7 393 193 360 2.0
GR5 Marcilla Farm (2) 7.55 16.0 1460 729 223 7.6
River
GR6 Rio Negro (near Paso Cordoba) 9.24 23.5 121 59 59 <0.2
GR7 Rio Negro backwash (Marcilla Farm House) 7.60 21.6 452 224 158 4.0
GR8 Rio Negro (near Paso Cordoba) 8.50 19.7 136 68 333 2.5
GR 13 Rio Negro backwash (Bubalco Zoo) 8.27 19.1 136 68 326 2.4
GR 14 Water pumped from the Canal Grande (Marcilla Farm) 7.75 16.8 360 181 198 4.2
Lake
GR9 Lagoon fed by lake (GR 10) -  connected to rio Negro 9.27 22.3 142 71 224 2.6
GR10 Lake which feeds into GR 9 9.41 20.5 254 127 130 5.7
GR 11 Zoo lake (tiger enclosure) 7.91 20.5 158 74 353 2.2
GR12 Zoo lake (aviary) 8.99 20.2 142 71 310 2.5
Tap
GR 15 Marcilla House Kitchen Tap 6.9 668 15.3 154 77 2.5
GR16 Newspaper Bathroom Tap 6.89 627 16.6 156 77 2.4
T = Temperature; C = Conductivity; TDS = Total Dissolved Solids; Eh = Redox Potential
Appendix Tabie 62; Physicochemical parameters and total arsenic concentrations for 
all ground- and tap water samples collected from Los Menucos (Rio Negro).
Code Description pH
T
(C)
C
(pS/cm)
TDS
(mg/l)
Eh
(mV)
Ast
(pg/i)
Rural Well
1 |w| .J Garrido Farm: piped from a 7.72 16.0 426 209 237 9.3
LM2
well 1 km away 
Garrido Farm: Molino 11 7.70 20.6 545 273 237 20.6
LM3 Garrido Farm: Molino 12 8.05 12.8 285 149 256 28.6
LM4 Garrido Farm: Molino 18 7.62 14.0 1254 628 235 35.7
LM5 Garrido Farm: House Well 7.28 14.7 383 191 284 9.8
LM6 Garrido Farm: Molino 15 7.72 15.1 1309 655 302 20.7
Urban Well
LM 7 Garrido Town House Well 7.60 14.1 1638 823 293 25.3
LM8 Stone Mason Yard Well 8.00 13.7 1335 667 302 23.1
Tap
LM9 Garrido Town House Tap 7.66 19.3 1658 830 287 35.8
T = Temperature; C = Conductivity; TDS = Total Dissolved Solids; Eh = Redox Potential
271
Appendix B
Appendix Tabie B3: Physicochemical parameters and total arsenic concentrations for 
all ground water samples collected from Eduardo Castex (La Pampa).
Code Description pH
T
(C)
C
(pS/cm)
TDS
(mg/l)
Eh
(mV)
AST
(pg/i)
EC1
Eduardo Castex water treatment 
plant untreated water
8.73 22.3 3453 1728 23 86.3
EC 2 Ricardo B Allotment well water 8.48 21.1 1143 569 43 145
EC 3 Fillipini Farm Well 9.24 22 2416 1227 -1 517
EC 4 Fillipini Farm Well 8.38 21.6 2480 1238 18 526
EC 5 Unnamed well - - - - - 88.6
EC 6 Unnamed well - - - - - 88.4
EC 7 Unnamed well - - - - - 85.7
EC 8 Unnamed well - - - - - 74.4
EC 9 Unnamed well - - - - - 89.0
EC 10 Unnamed well - - - - - 89.2
E C U Unnamed well - - - - - 946
EC 12 Fillipini Farm Well 8.56 18.7 2686 1339 321 777
EC 13 Unnamed well - - - - - 177
EC 14 Unnamed well - - - - - 24.9
EC 15 Unnamed well - - - - - 203
T = Temperature: C = Conductivity: TDS = Total Dissolved Solids; Eh = Redox Potential
Appendix Tabie B4: Physicochemical parameters and total arsenic concentrations for 
all samples collected from Eduardo Castex reverse osmosis water treatment plant (La 
Pampa).
Code Desription pH T(C )
C
(pS/cm)
TDS
(mg/l)
Eh
(mV)
Ast
(pg/i)
EWT1 Untreated water 8.73 22.3 3453 1728 23 86.3
EWT2 Before entering membranes 8.32 21.8 3568 1786 87 81.5
EWT3 Membrane 1 8.12 22.0 90 44 96 0.5
EWT4 Membrane 2 7.79 21.9 73 35 135 0.5
EWT5 Membrane 3 7.46 21.9 128 64 147 0.6
EWT6 Membrane 4 7.41 22.0 110 56 151 0.5
EWT7 Membranes combined 7.23 22.1 86 44 155 0.5
EWT8
Eduardo Castex water 
treatment plant treated water 9.56 23.8 250 124 2 <0.2
EWT9
Membrane treatment waste 
water 8.05 24.4 3491 1742 121 80.8
T = Temperature; C = Conductivity; TDS = Total Dissolved Solids; Eh = Redox Potential
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Appendix Table 65; Physical parameters for sampling sites along the rio Agrio, 
geothermal (G) and control sites (0) collected in January 2010 and 2011.
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Appendix Table B6: Total arsenic (A s t) for sampling sites along the rio Agrio, 
geothermal (G) and control sites (C) collected in January 2010 and 2011, plus arsenic 
spéciation data for samples taken in 2011.
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Appendix C
Location Study: Arsenic Levels in Hair, Fingernail 
and Toenail Samples from Four Locations in
Argentina
Appendix C
Appendix Tabie C1: Questionnaire information for location study participants from
General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue
(CP).
Demographic Questionnaire Information
Code Gender Age Height Weight Health Status Smoker(M/F) (Yr) (m) (kg) (Y/N)
General Roca (GR):
GR-01 F 16 1.71 63.5 None N
GR-02 F 16 1.67 53 None N
GR-03 M 16 1.76 61 None N
GR-04 M 16 1.77 65 None N
GR-05 F 16 1.60 46.5 Vitiligo N
GR-06 F 16 1.72 66 None N
GR-07 F 16 1.63 58 None N
GR-08 F 15 1.60 54 Allergies N
GR-09 F 16 1.62 45 None N
GR- 10 F 16 1.65 54 None Y
GR - 11 F 15 1.60 55 Hypothyroidism N
GR - 12 F 15 1.60 49 None N
G R -13 M 15 1.79 85 Asthma Y
GR - 14 M 16 1.71 63 None Y
G R -15 F 15 1.70 59 None N
G R -16 F 15 1.60 53 None N
GR - 17 M 14 1.71 55 Type-1 Diabetes N
G R -18 F 16 1.72 54 None Y
G R -19 F 16 1.65 63 None N
GR-20 M 15 1.81 67 None N
GR-21 M 14 1.70 45 None N
GR-22 M 15 1.78 89 None N
GR-23 F 15 1.66 53 None N
GR-24 F 15 1.52 43 None N
GR-25 M 15 NS 55 None N
GR-26 M 14 1.65 61.2 None NS
GR-27 M 15 1.85 52 None NS
GR-28 M 15 1.71 54 Allergies N
GR-29 F 15 1.71 54.5 None N
GR-30 M 14 NS NS None N
GR-31 M 15 1.65 52 None N
GR-32 M 15 1.65 46 None N
GR-33 F 15 1.58 45 None N
GR-34 M 15 1.74 60 None N
GR-35 M 15 1.71 72 None N
GR-36 M 15 1.82 78 None N
GR-37 M 15 1.70 84 None Y
GR-38 M 16 1.70 71 None NS
GR-39 F 15 1.63 56 None N
GR-40 F 15 1.59 48 None N
GR-41 F 15 1.63 46 None NS
GR-42 F 14 1.56 43 None N
NS = Not Specified; T2D = Type-2 Diabetes.
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Appendix Table C1 Cont’d: Questionnaire information for location study participants 
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Code Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
Helgh. W e^h. Haa,,hS,a,us Smoker
(Y/N)
GR-43 M 16 1.78 NS None N
GR-44 F 17 NS NS None N
GR-45 F 15 1.50 50 None Y
GR-46 M 15 1.68 59.8 None N
GR-47 F 16 1.55 61.3 None N
GR-48 F 15 1.56 56 Cardiopathy N
GR-49 F 18 1.56 54 None N
GR-50 F 15 1.63 51 None Y
GR-51 F 16 1.56 50 None N
GR-52 M 17 1.78 72 None N
GR-53 M 16 1.63 65 None N
GR-54 M 16 1.66 54 None N
GR-55 F 17 1.62 45 None Y
GR-56 F 17 1.53 57 None N
GR-57 F 16 1.59 57 None N
GR-58 F 16 1.78 84 None Y
GR-59 F 17 1.57 48 None Y
GR-60 M 17 1.78 65.5 None N
GR-61 F 17 1.47 59 None Y
GR-62 F 16 1.64 50.5 None NS
GR-63 F 18 1.50 65 None N
GR-64 F 16 1.55 68 None N
GR-65 F 16 1.65 80 None N
GR-66 F 15 NS 62 None N
GR-67 F 15 1.63 42 None N
GR-68 M 15 1.67 47 None NS
GR-69 F 17 1.72 51 None N
GR-70 M 16 1.77 73 None N
GR-71 F 15 1.63 48 None N
GR-72 F 17 1.62 53 None N
GR-73 F 24 1.63 83 Asthma NS
GR-74 F 19 1.61 43.6 None NS
GR-75 F 21 1.78 65 None Y
GR-76 22 1.53 55 None NS
GR-77 F 31 1.65 69 None NS
GR-78 F 20 1.55 67 None Y
GR-79 F 16 NS NS None N
GR-80 F 27 1.58 63 None N
GR-81 F 19 1.98 59.2 None NS
GR-82 F 44 1.60 79 T2D; Hyperthyroidism Y
GR-83 F 56 1.68 70 None Y
GR-84 F 43 1.60 74 None NS
GR-85 F 13 1.53 42 None N
NS = Not Specified: T2D = Type-2 Diabetes.
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Appendix Table C1 Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Code Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
Height weight Health Statue Smoker
(Y/N)
GR-86 F 12 NS 32 None N
GR-87 F 12 1.52 42 None N
GR-88 F 12 1.67 51 None N
GR-89 M 13 1.42 42 None N
GR-90 M 12 1.48 NS None NS
GR-91 F 41 1.65 59 Gastritis Y
GR-92 M 12 1.50 45 None N
GR-93 F 49 1.54 64 None N
GR-94 M 14 NS NS None NS
GR-95 M 15 NS NS None N
GR-96 F 67 1.60 74 None N
GR-97 F 54 1.57 62 Hyperthyroidism N
GR-98 F 42 1.67 55 Yes - not specified N
GR-99 M 60 1.75 87 Hypertension N
GR - 100 F 61 1.64 98 None N
G R -101 M 32 1.79 90 None N
GR - 102 F 31 1.70 60 None Y
Los Menucos (LM):
LM-01 M 15 1.70 68 None N
LM-02 F 15 1.66 49 Intraocular pressure N
LM-03 F 15 1.63 52 None N
LM-04 F 17 1.57 61 None N
LM-05 F 16 1.50 54 None Y
LM-06 M 17 1.72 67 None NS
LM-07 M 19 1.75 75 None Y
LM-08 F 18 1.52 54 None N
LM-09 F 16 1.63 55 None NS
LM - 10 F 16 1.63 51 Gastritis NS
L M -11 M 18 1.78 78 None N
LM-12 M 18 1.72 62 None Y
LM - 13 F 15 1.72 49 None N
LM - 14 F 16 1.60 49 None N
LM - 15 M 18 1.82 88 Hypertension N
LM - 16 F 16 1.63 56 None N
LM - 17 F 16 1.50 65 None NS
LM - 18 M 16 1.72 80 None N
LM - 19 F 13 1.60 54 None NS
LM-20 F 17 1.57 55 None N
LM-21 F 17 1.57 58 None N
LM-22 F 18 NS 49 None NS
LM-23 F 17 1.57 60 None NS
LM-24 F 17 1.60 59 None Y
LM-25 M 17 1.85 65 None Y
NS = Not Specified; T2D = Type-2 Diabetes.
278
Appendix C
Appendix Table C1 Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Code Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
Heigh. W e^ht Heahh Status Smoker
(Y/N)
LM-26 F 17 1.61 60 None N
LM-27 M 15 1.74 73 None N
LM-28 M 15 1.79 78 None N
LM-29 F 17 1.55 73 None N
LM-30 F 15 1.58 61 None N
LM-31 F 14 1.56 39 None N
LM-32 F 17 1.64 70 None N
LM-33 F 15 1.62 55 None N
LM-34 19 1.60 NS None N
LM-35 F 16 1.62 60 None N
LM-36 F 17 1.45 63 None N
LM-37 F 16 1.59 53 None N
Eduardo Castex (EC):
EC-01 M 53 1.71 95 T2D NS
EC-02 M NS 1.78 100 T2D; Renal failure NS
EC-03 M 73 1.68 50 T2D NS
EC-04 F 32 1.67 96 T2D NS
EC-05 M 51 1.76 97 T2D Y
EC-06 F 61 1.68 62 T2D N
EC-07 M 52 1.67 70 None N
EC-08 F 51 1.58 56 Hyperthyroidism N
EC-09 M 49 1.75 80 None N
EC-10 M 68 1.72 89 T2D N
E C -11 M 73 1.65 60 T2D Y
EC-12 M 34 1.78 95 None N
EC-13 F 57 1.7 65 Arthritis N
EC-14 F 65 1.7 80 Hyperthyroidism; Hypertension N
EC-15 M 69 1.72 80 T2D N
EC - 16 F 54 1.65 62 Chagas disease N
EC-18 M 53 1.72 80 T2D N
EC-19 F 61 1.65 81 None Y
EC-47 F 46 1.57 55 Hyperthyroidism N
EC-50 M 49 1.74 72 None N
EC-74 F 63 1.48 68.5 None N
EC-75 F 54 1.51 72.3 None Y
EC-76 F 60 1.5 65 T2D N
EC-77 M 51 1.64 72.5 T2D Y
EC-78 F 50 1.52 62 T2D N
EC-79 M 61 1.68 83 T2D N
EC-80 M 54 1.73 85 None Y
EC-81 F 43 1.48 58.5 T2D Y
EC-82 M 24 1.78 85 None N
EC-83 F 32 1.62 75 None N
NS = Not Specified: T2D = Type-2 Diabetes.
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Appendix Tabie C1 Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Code Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
Height weight Health Status Smoker
(Y/N)
EC-84 M 44 1.66 73 None Y
EC-85 M 57 1.72 86 T2D N
EC-86 F 35 1.51 67 None Y
EC-87 M 47 1.68 78 None Y
EC-88 F 56 1.52 59 T2D N
EC-89 M 61 1.77 84 T2D Y
EC-90 F 55 1.48 54 T2D N
EC-91 M 45 1.76 83.5 None Y
EC-92 M 59 1.72 78.5 T2D N
EC-93 M 52 1.69 76 T2D Y
EC-94 M 40 1.68 75 None N
EC-95 F 73 1.57 67.5 T2D N
EC-96 M 51 1.76 83 None Y
EC-97 M 47 1.73 79 None Y
EC-98 M 22 1.69 84 None N
EC-99 M 74 1.83 93 T2D N
EC - 100 F 38 1.56 67 None Y
EC-101 M 31 1.62 75 None Y
EC - 102 M 42 1.57 65 None Y
EC - 103 M 52 1.78 89 T2D Y
EC - 104 F 41 1.56 72 None Y
EC - 105 M 50 1.73 74 None Y
EC-106 F 27 1.52 68 None N
EC - 107 M 33 1.78 105 None Y
EC - 108 M 45 1.62 93 None Y
EC - 109 M 52 1.73 82 T2D Y
EC-110 M 62 1.75 84 T2D N
EC-111 F 57 1.49 68 T2D Y
EC - 112 F 54 1.54 74 T2D N
EC-113 F 80 1.54 73 T2D N
EC - 114 M 77 1.59 77 T2D N
E C -115 F 62 1.55 67 T2D N
E C -116 F 76 1.52 66 T2D N
E C -117 F 32 1.48 62 None Y
E C -118 F 68 1.58 73 T2D N
E C -119 M 66 1.76 84 T2D N
EC - 120 F 47 1.48 54 None Y
EC - 121 M 42 1.74 83 None Y
EC-122 M 56 1.73 76 T2D N
EC - 123 F 47 1.5 64 None Y
EC - 124 F 51 1.48 59 None Y
EC - 125 M 37 1.65 55 None NS
EC - 126 F 17 1.67 59 None NS
NS = Not Specified: T2D = Type-2 Diabetes.
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Appendix Table C1 Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Demographic Questionnaire Information
Code Gender
(M/F)
Age
(Yr)
Height
(m)
Weight
(kg)
Health Status Smoker(Y/N)
E C -127 F 2 2 1.7 59 Rheumatism NS
E C -128 F 1 2 1.65 59 None NS
EC - 129 F 18 1.65 49 Type-1 Diabetes NS
E C -130 F 42 1 . 6 60 None NS
E C -131 F 36 1.75 75 None NS
EC - 132 M 13 1.52 37 None NS
E C -1 3 3 M 72 1.76 95 None NS
EC - 134 F 52 1.65 90 High blood pressure NS
E C -1 3 5 M 17 1 . 6 6 65 None NS
E C -1 3 6 M 54 1.7 80 None NS
E C -137 M 17 1.83 70 None NS
EC - 138 F 38 1.65 92 Hyperthyroidism NS
EC - 139 M 17 1.75 59 Miopia NS
EC - 140 F 2 2 1 . 6 51 Miopia NS
E C -141 M 49 1 . 8 1 0 2 None NS
EC -1 4 2 M 23 1.73 80 None NS
EC - 143 F 46 1.7 78 None NS
EC - 144 F 46 1 . 6 70 Asthma NS
EC - 145 F 2 1 1.73 51 None NS
EC -146 F 32 1.65 6 6 None NS
EC - 147 M 17 1 . 8 58 None NS
E C -1 4 8 F 17 1 . 6 57 None NS
E C -1 4 9 F 19 1.7 60 None NS
EC - 150 F 26 1.7 6 6 None NS
E C -151 F 17 1.53 49 Allergies NS
E C -152 F 43 1.57 8 6 Asthma; Problems with NSProlactin Glands
EC - 153 F 75 1.64 65 Hypertension NS
EC - 154 F NS NS NS None NS
E C -1 5 5 F 38 1.63 73 Gastritis NS
EC - 156 F 1 0 1.48 33 None NS
E C -1 5 7 F 17 1 . 6 6 63 None NS
EC - 158 M 40 1.77 82 None NS
EC - 159 F 49 1.54 64 None NS
EC - 160 F 19 1.56 54 None NS
EC - 161 F 17 1.67 65 None NS
EC - 162 F 44 1.61 52 None NS
E C -163 F 17 1.64 65 Yes - not specified NS
EC - 164 F 31 1.62 56 None NS
EC - 165 F 52 1 . 6 73 Dyslipidemia NS
E C -1 6 6 M 61 1.78 98 Hypertension;Osteoarthritis NS
EC - 167 M 33 1.65 75 None NS
EC - 168 F 31 1.63 59 None NS
NS = Not Specified; T2D = Type-2 Diabetes.
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Appendix Table Cl Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Demographic Questionnaire Information
Code Gender
(M/F)
Age
(Yr)
Height
(m)
Weight
(kg) Health Status
Smoker
(Y/N)
EC - 169 F 6 6 1.62 65
Cardiac Arrhythmia; 
Hypertension; Osteoarthritis; 
Cancer of the Colon
NS
E C -170 M 63 1 . 6 8 78 T2D NS
E C -171 M 33 1.75 78 None NS
E C -172 F 35 1.7 49 None NS
EC - 173 F 27 1.72 65 None NS
E C -1 7 4 M 1 0 1.4 32 None NS
E C -1 7 5 M 1 1 1.41 35 Allergies NS
EC - 176 F 1 1 1.4 36 None NS
E C -1 7 7 F 1 1 1.55 40 None NS
E C -1 7 8 F 1 1 1.47 37 None NS
E C -179 F 15 1 . 6 48 None NS
EC - 181 F 48 1.65 8 6 None NS
E C -182 M 1 1 1.45 40 None NS
EC - 183 F 56 1.7 1 0 0 Osteoarthritis NS
EC - 184 F 1 1 1.47 43 None NS
E C -1 8 5 F 36 1.67 74 None NS
EC - 186 F 1 1 1.5 29 None NS
EC - 187 F 1 1 1.35 40 None NS
EC - 188 F 46 1.65 57 None NS
EC - 189 M 1 1 NS 32 None NS
E C -190 F 1 1 NS 34 None NS
EC - 191 M 42 1.73 74 None NS
EC - 192 F 38 1 . 8 80 High blood pressure; Heart failure NS
EC - 193 F 1 1 1.3 26 None NS
EC - 194 F 45 1.65 53 None NS
E C -1 9 5 F 39 NS 62 None NS
EC - 196 M 1 1 1.45 44 None NS
E C -197 F 13 1.48 51 None NS
EC - 198 M 59 1.85 91 None NS
EC - 199 F 42 1.61 51 None NS
EC - 200 M 44 1.74 65 None NS
E C -201 M 37 1.73 90 None NS
EC - 202 F NS NS 37 None NS
EC - 203 M 17 1.85 60 None NS
EC - 204 F 53 1 . 6 65 Hyperthyroidism; hypertension NS
EC - 205 F 54 1.56 55 None NS
Copahue-Caviahue (CP):
C P -0 1 M 35 1.75 73 N N
C P -0 2 F 45 1.64 90 N N
C P -0 3 F 29 1.57 45 N Y
C P -0 4 F 23 1.57 69 N N
NS = Not Specified; T2D =: Type-2 Diabetes.
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Appendix Tabie C1 Cont’d: Questionnaire information for location study participants
from General Roca (GR), Los Menucos (LM), Eduardo Castex (EC) and Copahue-
Caviahue (CP).
Code Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
HeIgh. weight Health Status Smoker
(Y/N)
C P -0 5 F 30 1.54 55 Hyperthyroidism N
C P -0 6 M 30 1.82 89 N Y
C P -0 7 M 32 1.80 95 Bracicardia N
C P -0 8 F 52 1.42 53 Hypertension N
C P -0 9 F 34 1.52 69 N Y
CP - 10 F 50 1.65 73 N N
CP - 11 F 35 1.55 83 Hypertension N
C P -1 2 F 39 1.70 71 N Y
CP - 13 F 49 1.69 79 Y N
C P -1 4 F 52 1.60 62 N Y
CP - 15 F 2 1 1.52 90 N N
CP - 16 M 24 1.70 85 N N
C P -1 7 F 39 1.61 6 8 Hypertension Y
CP - 18 F 23 1.54 45 N N
C P -1 9 F 58 1.55 46 Gastritis Y
C P -2 0 F 47 1.55 63 N N
C P -2 1 F 18 1.57 54 N N
C P -2 2 F 1 2 1.55 50 N N
NS = Not Specified; T2D = Type-2 Diabetes.
Appendix Table C2: Arsenic concentrations and dilution factors for hair, fingernail and 
toenail samples from location study participants: General Roca (GR), Los Menucos 
(LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
General Roca (GR):
G R -01 250.0 <0.05 249.5 0 . 1 1 249.9 0 . 1 0
G R -0 2 250.0 < 0.05 250.0 0.08 250.1 0.17
G R -0 3 249.9 0.05 249.9 0.08 250.0 0.08
G R -0 4 250.4 0.07 250.1 0 . 1 2 249.9 0.30
G R -0 5 250.1 <0.05 TS - 249.5 0 . 1 1
G R -0 6 249.9 <0.05 250.7 0.07 249.9 0.06
G R -0 7 250.1 <0.05 250.1 0.18 250.1 0 . 1 0
G R -0 8 250.0 <0.05 501.3 0 . 1 0 250.0 0 . 1 1
G R -0 9 250.0 <0.05 TS - 1000.7 < 0 . 2
G R - 10 250.0 <0.05 TS - NP -
G R -11 250.0 <0.05 500.1 0 . 1 1 NP -
G R - 12 249.9 <0.05 249.8 0.14 250.3 0 . 1 0
GR - 13 250.1 < 0.05 499.6 0.17 250.6 4.03
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not
provided; TS = sample too small; SL = sample lost in transport.__________
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Appendix Tabie C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
G R -1 4 250.0 0.06 501.1 0 . 1 2 250.1 0.19
G R -1 5 250.1 <0.05 NP - 249.9 0 . 2 2
G R - 16 249.8 <0.05 NP - 249.8 0.23
G R - 17 249.7 0.07 TS - 250.6 0.17
G R - 18 250.0 <0.05 249.9 0.14 252.0 0.35
G R - 19 249.9 0.05 250.3 0.17 495.9 0.52
G R -2 0 250.2 <0.05 NP - NP -
G R -21 249.9 <0.05 249.2 0 . 1 0 249.9 0.23
G R -2 2 249.9 <0 .05 250.0 0 . 1 0 250.0 0.05
G R -2 3 250.4 <0 .05 246.3 0.17 250.1 0 . 1 2
G R -2 4 250.17 0.05 502.4 0 . 1 1 250.13 0.15
G R -2 5 249.6 < 0.05 999.2 < 0 . 2 NP -
G R -2 6 TS - NP - 1 0 0 0 < 0 . 2
G R -2 7 NP - NP - NP -
G R -2 8 250.3 0.06 NP - 249.9 0.18
G R -2 9 367.8 <0.07 NP - 501.1 < 0 . 1
G R -3 0 SL - 500.2 < 0 . 1 TS -
G R -3 1 306.5 <0.06 250.2 0 . 1 1 NP -
G R -3 2 250.1 0.05 1003.2 < 0 . 2 500.2 < 0 . 1
G R -3 3 249.9 <0.05 500.6 0.16 250.7 0.18
G R -3 4 499.7 < 0 . 1 249.9 0.15 NP -
G R -3 5 250.1 0.07 250.3 0 . 1 1 250.2 0.83
G R -3 6 250.0 0.06 249.8 0.14 250.4 0.33
G R -3 7 250.1 0.05 249.9 0.27 249.8 1.16
G R -3 8 250.2 <0.05 250.5 0 . 1 2 250.1 0.30
G R -3 9 249.9 <0.05 250.3 0.28 501.1 < 0 . 1
G R -4 0 250.2 <0.05 250.2 0.18 NP -
G R -41 499.7 < 0 . 1 249.9 0.14 250.0 0.45
G R -4 2 249.8 <0.05 TS - TS -
G R -4 3 250.1 0.05 250.0 0 . 2 2 249.8 0.31
G R -4 4 250.1 0.09 250.4 0.09 249.8 0.13
G R -4 5 250.1 <0.05 252.1 0.15 249.9 0.15
G R -4 6 250.0 <0.05 249.9 0 . 1 2 500.8 0.77
G R -4 7 249.9 <0.05 500.7 < 0 . 1 250.2 0 . 1 1
G R -4 8 250.0 0.05 249.9 0 . 1 0 250.0 0.05
G R -4 9 250.1 0.05 250.0 0.13 250.1 0.19
G R -5 0 250.1 < 0.05 250.5 0.13 500.7 < 0 . 1
G R -5 1 250.0 <0.05 500.9 < 0 . 1 249.6 0.16
G R -5 2 250.2 <0.05 TS - 250.4 0.06
G R -5 3 249.7 0.05 250.3 0.13 250.1 0.14
G R -5 4 250.0 <0.05 250.2 0.13 250.5 0.23
G R -5 5 249.9 <0.05 1 0 0 2 < 0 . 2 249.6 0.55
G R -5 6 250.2 <0.05 249.6 2.84 250.1 4.06
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not
provided; TS = sample too small; SL = sample lost in transport._________
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Appendix Table C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels In Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
G R -5 7 250.1 0.06 250.2 0 . 1 2 250.6 0 . 1 0
G R -5 8 250.0 <0.05 250.1 0.13 249.7 0 . 1 0
G R -5 9 250.0 <0.05 250.2 0.09 502.5 < 0 . 1
G R -6 0 250.1 0.07 251.1 0.18 250.1 0.14
G R -61 250.4 <0 .05 249.8 0.41 249.9 0.34
G R -6 2 250.2 0.06 501.0 0.14 249.9 0.89
G R -6 3 250.1 0.07 249.9 <0 .05 305.3 <0 .06
G R -6 4 250.0 0.24 1 0 0 0 < 0 . 2 501.3 0.16
G R -6 5 250.0 < 0.05 252.0 0.14 250.0 0.39
G R - 6 6 250.0 <0.05 249.7 0 . 1 0 250.8 1 . 2 1
G R -6 7 500.8 < 0 . 1 TS - TS -
G R - 6 8 500.3 < 0 . 1 249.8 0.15 249.5 0.52
G R -6 9 249.7 <0.05 NP - 250.1 0.18
G R -7 0 250.3 <0.05 250.1 0.14 271.3 0.07
G R -71 250.1 <0.05 500.5 < 0 . 1 TS -
G R -7 2 TS - 250.3 0 . 1 0 499.2 < 0 . 1
G R -7 3 249.9 0 . 1 1 249.8 0.15 250.6 0.62
G R -7 4 499.5 < 0 . 1 250.0 0 . 1 0 249.6 0.24
G R -7 5 250.1 < 0.05 250.3 0 . 2 2 250.2 2.85
G R -7 6 TS - 249.5 0.18 500.2 0.16
G R -7 7 249.8 <0.05 502.3 < 0 . 1 249.8 0 . 1 1
G R -7 8 250.0 0.07 SL - 250.0 0.37
G R -7 9 250.0 < 0.05 SL - 250.4 0.45
G R -8 0 249.9 <0.05 250.0 0.15 250.0 0.52
G R -81 249.9 <0.05 249.3 0 . 1 1 249.9 0.26
G R -8 2 249.9 <0.05 249.4 0.08 250.0 0.09
G R -8 3 250.9 <0.05 249.8 0.16 250.0 0 . 2 2
G R -8 4 250.1 <0.05 249.5 <0 .05 999.1 < 0 . 2
G R -8 5 250.0 0.06 499.7 < 0 . 1 250.4 2.70
G R - 8 6 TS - 1 0 0 1 < 0 . 2 1 0 0 1 0 . 2 1
G R -8 7 250.2 <0.05 998.9 < 0 . 2 999.2 0.84
G R - 8 8 249.9 <0.05 256.0 0.17 NP -
G R -8 9 250.2 0.06 TS - 499.7 2 . 2 0
G R -9 0 250.1 0 . 1 1 501.7 0.17 1 0 0 1 0.26
G R -9 1 250.1 <0.05 250.1 0.05 250.0 0 . 1 2
G R -9 2 499.1 < 0 . 1 500.2 0 . 1 2 249.9 5.71
G R -9 3 249.9 0.05 250.3 0.07 249.8 0 . 1 1
G R -9 4 251.0 <0.05 250.4 0 . 1 0 249.7 0.19
G R -9 5 250.1 <0.05 500.1 < 0 . 1 250.0 0.18
G R -9 6 1 0 0 . 0 0.09 1 0 0 . 1 0.23 1 0 0 . 0 0 . 2 2
G R -9 7 99.8 0.16 149.8 0.31 300.1 0.46
G R -9 8 99.9 0 . 1 0 109.4 0.34 1 0 0 . 1 0 . 2 1
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport._________________________
285
Appendix C
Appendix Tabie C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
G R -9 9 199.5 0.33 1 0 0 . 0 0.28 1 0 0 . 2 0 . 2 2
GR - 100 99.9 0.06 1 0 0 . 0 0.18 149.7 0.30
GR - 101 99.9 0.13 1 0 0 . 0 0.43 249.7 0.43
GR - 102 1 0 1 . 6 0.07 257.9 0.48 99.9 0.47
Los Menucos (LM):
LM -01 250.3 0.16 251.3 0.18 500.7 0.47
L M -0 2 250.2 0.05 1004 0.09 1003 0 . 8 6
L M -0 3 250.2 0 . 1 2 TS - 501.3 0.78
L M -0 4 249.7 0 . 1 2 999.3 < 0 . 2 500.2 0.48
L M -0 5 250.5 0.14 250.2 0.32 250.4 0.43
LM - 06 249.9 0.14 250.0 0.41 250.4 0.64
L M -0 7 250.2 0.15 250.0 0 . 2 2 NP -
L M -0 8 250.1 0.13 250.3 0.44 NP -
L M -0 9 250.2 0.16 250.5 0.25 250.1 1.62
LM - 10 250.1 0.06 249.1 0.23 500.2 0.59
LM - 11 249.8 0.19 499.2 0.25 1003 0.40
L M -1 2 250.1 0.05 250.0 0.25 250.3 0.72
L M -1 3 250.2 0 . 1 0 NP - 249.6 0.55
LM - 14 249.8 0.07 249.5 0.29 501.7 0.40
L M -1 5 250.3 0 . 2 1 249.5 0.18 NP -
LM - 16 250.2 0 . 1 2 TS - 1003 1.49
LM - 17 250.1 0 . 1 2 249.1 0.46 NP -
LM - 18 250.0 0.14 1 0 0 0 < 0 . 2 NP -
LM - 19 250.0 0.05 249.9 0.53 500.6 0.23
L M -2 0 249.6 0 . 1 0 250.0 0 . 2 0 499.8 1.16
LM -21 250.2 0.06 250.6 0.30 250.4 0.45
L M -2 2 249.8 0 . 1 0 TS - TS -
L M -2 3 250.1 0.08 999.7 < 0 . 2 TS -
L M -2 4 249.9 0.05 1 0 0 2 0.28 499.8 0 . 8 6
L M -2 5 250.2 0.13 998.0 < 0 . 2 NP -
L M -2 6 250.1 0.07 250.1 0.45 1 0 0 2 0.43
L M -2 7 249.7 0 . 1 2 500.0 0.15 251.0 0.38
L M -2 8 250.6 0 . 1 2 251.1 0.29 TS -
L M -2 9 250.0 0.14 506.0 0 . 2 0 479.9 0.48
L M -3 0 250.3 0.15 1005 0.23 250.3 1.51
LM -31 249.7 0.28 1 0 0 1 < 0 . 2 NP -
L M -3 2 249.9 0 . 1 1 TS - NP -
L M -3 3 249.9 0.18 TS - 1 0 0 1 0 . 6 8
L M -3 4 249.8 0.15 500.4 0.43 500.9 0.40
L M -3 5 249.9 0.47 250.8 0 . 2 1 250.4 0.62
L M -3 6 250.0 0 . 2 2 250.2 0.61 500.1 0.96
L M -3 7 250.2 0.09 250.3 0.52 999.3 0.72
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport._________________________
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Appendix Table C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
Eduardo Castex (EC):
E C -01 250.0 0.55 250.0 0.27 249.8 0.57
E C -0 2 500.4 0.15 999.7 0.18 500.3 0.25
E C -0 3 250.6 0.32 499.8 0.17 501.1 0.33
E C -0 4 249.9 0.26 249.6 0.17 249.9 0.26
E C -0 5 249.7 0.05 249.6 0.08 298.6 0 . 1 0
E C -0 6 250.2 < 0.05 249.8 0.07 249.9 0 . 1 2
E C -0 7 249.9 0.06 250.1 0.16 249.7 0.56
E C -0 8 250.0 <0.05 500.4 0.35 251.7 0.60
E C -0 9 250.0 <0.05 250.0 0 . 1 2 250.1 0.67
E C -1 0 250.3 0.37 NP - 250.1 0.25
E C -1 1 501.9 0.06 250.2 0.08 250.1 0 . 1 2
E C -1 2 250.2 0.09 249.8 0.05 250.0 0.36
E C -1 3 250.0 <0.05 249.8 0.05 249.6 0.09
EC - 14 250.2 <0.05 250.5 < 0.05 249.9 0.17
EC - 15 249.8 0.27 NP - NP -
EC - 16 250.4 <0.05 250.1 0.33 250.0 0.09
E C -1 8 250.0 <0.05 NP - NP -
E C -1 9 250.1 < 0.05 NP - NP -
E C -4 7 1 0 0 . 1 0.90 150.9 0.59 1 0 0 . 1 0.71
E C -5 0 99.9 0.56 1 0 0 . 0 0 . 6 6 1 0 0 . 1 2.07
E C -7 4 1 0 0 . 0 0 . 1 0 150.2 0.16 NP -
E C -7 5 1 0 0 . 0 0.08 149.9 0 . 1 1 NP -
E C -7 6 1 0 0 . 0 0.75 1 0 0 . 1 0.07 NP -
E C -7 7 1 0 0 . 2 0.55 99.8 0.08 NP -
E C -7 8 1 0 0 . 1 0.38 1 0 0 . 2 0.06 NP -
E C -7 9 1 0 0 . 2 2.09 99.9 0.07 NP -
E C -8 0 1 0 0 . 0 0.06 149.7 0.08 NP -
E C -81 1 0 0 . 1 0.60 1 0 0 . 0 0 . 1 0 NP -
E C -8 2 99.9 0.08 99.8 3.88 NP -
E C -8 3 99.9 0.08 99.8 3.93 NP -
E C -8 4 99.9 0.14 99.8 3.56 NP -
E C -8 5 1 0 0 . 0 0.27 1 0 0 . 0 0 . 1 0 NP -
E C - 8 6 1 0 0 . 1 0.05 1 0 0 . 2 2 . 2 2 NP -
E C -8 7 100.5 0.06 99.9 4.45 NP -
E C - 8 8 99.8 0 . 1 0 1 0 0 . 1 4.41 NP -
E C -8 9 99.8 0.91 100.5 0 . 1 1 NP -
E C -9 0 1 0 0 . 0 0.17 1 0 0 . 0 5.20 NP -
E C -91 1 0 0 . 1 0.07 149.9 3.83 NP -
E C -9 2 1 0 0 . 0 0.30 1 0 0 . 0 5.38 NP -
E C -9 3 99.9 0.37 1 0 0 . 0 0 . 1 1 NP -
E C -9 4 1 0 0 . 0 0.06 150.2 6.32 NP -
E C -9 5 1 0 0 . 0 0.89 99.8 4.83 NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport._________________________
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Appendix Table C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
E C -9 6 1 0 0 . 0 0.08 1 0 0 . 0 0 . 1 2 NP -
E C -9 7 99.9 0.08 1 0 0 . 1 4.79 NP -
E C -9 8 1 0 0 . 0 0.08 99.6 4.43 - NP -
E C -9 9 99.9 0.06 99.8 0.19 NP -
EC - 100 1 0 0 . 1 0.06 1 0 0 . 1 4.64 NP -
EC - 101 1 0 0 . 0 0.06 1 0 0 . 0 5.52 NP -
EC - 102 99.8 0.08 1 0 0 . 0 5.68 NP -
EC - 103 1 0 0 . 1 0.03 1 0 0 . 0 0.17 NP -
EC - 104 1 0 0 . 0 0.05 1 0 0 . 0 1 0 . 6 6 NP -
EC - 105 99.9 0.09 1 0 0 . 0 3.85 NP -
E C -106 1 0 0 . 0 0.09 1 0 0 . 1 5.22 NP -
EC - 107 99.8 0.17 1 0 0 . 0 6.40 NP -
EC - 108 99.9 0 . 1 0 100.5 5.68 NP -
EC - 109 1 0 0 . 0 0.06 149.6 0 . 1 2 NP -
E C - 110 1 0 0 . 0 0.06 100.5 0.09 NP -
EC -111 1 0 0 . 0 0 . 1 0 1 0 0 . 1 0.13 NP -
E C -1 1 2 1 0 0 . 1 0.03 1 0 0 . 1 0.09 NP -
E C -1 1 3 99.9 4.24 1 0 0 . 2 0.15 NP -
E C -1 1 4 1 0 0 . 0 0.08 150.2 0.15 NP -
EC - 115 1 0 0 . 1 0.18 99.7 0.08 NP -
E C -1 1 6 99.9 0 . 1 0 99.7 0 . 1 0 NP -
E C - 117 1 0 0 . 0 0 . 1 0 2 0 0 . 1 0.07 NP -
E C - 118 1 0 0 . 1 0.06 1 0 0 . 0 0.16 NP -
E C -1 1 9 1 0 0 . 0 0 . 1 0 1 0 0 . 1 0 . 1 0 NP -
EC - 120 99.9 0.06 1 0 0 . 2 0.14 NP -
EC - 121 99.9 0.14 1 0 0 . 2 0.09 NP -
E C -122 1 0 0 . 0 0 . 1 0 1 0 0 . 0 0 . 1 2 NP -
EC - 123 99.9 0.06 1 0 0 . 0 0.32 NP -
EC - 124 99.9 0.08 99.9 0.33 NP -
E C -125 TS - 149.5 0.55 150.6 0.93
EC - 126 499.5 0.41 150.2 1 . 2 1 249.3 2.35
E C -127 150.3 0.28 NP - 150.4 1.69
EC - 128 99.9 2.60 NP - 199.5 1.75
EC - 129 1 0 0 . 1 0.45 NP - 100.3 3.30
E C -130 1 0 0 . 1 0.16 250.5 0.48 NP -
E C -131 783.4 <0.15 NP - 99.9 2.56
EC - 132 200.9 0.51 150.4 0.54 300.4 5.39
EC - 133 600.9 0.83 150.2 0.52 1 0 0 . 0 0.64
EC - 134 350.0 0.08 199.8 0.50 1 0 0 . 1 0.70
E C -135 249.0 0.24 150.2 0.74 149.8 5.01
EC - 136 500.2 0.98 1 0 0 . 1 0.49 1 0 0 . 1 0 . 6 6
EC - 137 99.8 0.48 99.9 0 . 8 8 1 0 0 . 0 6.67
E C -138 99.8 0.41 NP - 1 0 0 . 1 1.04
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport._________________________
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Appendix Tabie C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
EC - 139 300.7 0.30 1 0 1 . 2 1.06 1 0 0 . 0 5.99
EC - 140 100.4 0.13 249.0 0.36 702.7 0.50
EC - 141 249.9 0.37 1 0 0 . 0 0.50 1 0 0 . 0 0.69
E C -142 149.7 0 . 2 1 100.3 0.73 1 0 0 . 0 2.39
EC -1 4 3 1 0 0 . 0 0 . 2 1 149.7 0.84 NP -
EC - 144 199.5 0.09 NP - 150.2 0.44
EC -145 1 0 0 . 1 0.25 500.7 0.41 150.2 1.70
EC - 146 1 0 0 . 1 0.15 250.5 0.58 NP -
EC - 147 251.3 0.36 1 0 0 . 1 0.47 149.9 13.82
EC -148 99.8 1 . 1 0 NP - 1 0 0 . 0 2.40
EC - 149 100.3 0 . 2 2 100.3 0.84 NP -
EC - 150 99.9 0.59 NP - 199.7 0.90
E C -151 99.7 0.17 151.7 0.54 NP -
EC - 152 149.8 0.41 150.3 1.25 149.5 1.09
E C -153 149.9 0.07 1 0 0 . 2 0.30 99.9 0.40
EC - 154 1 0 0 . 2 0.18 99.7 0.34 1 0 0 . 2 4.53
EC - 155 1 0 0 . 1 0.15 1 0 0 . 2 0.95 1 0 0 . 0 1.770
EC - 156 1 0 0 . 0 0.39 501.9 0.35 1 0 0 . 0 5.71
E C -157 1 0 0 . 1 0.34 149.9 0.38 99.8 0.74
E C -158 NP - 149.5 0.90 99.8 1.73
EC - 159 250.5 0.06 149.7 1.03 1 0 2 . 6 1.45
E C -160 150.3 0.13 501.1 0.48 499.7 0.79
EC - 161 199.8 0.59 200.4 0.49 150.4 1 . 8 8
EC - 162 1 0 0 . 2 0 . 1 1 250.0 0.44 149.8 0.98
E C -1 6 3 99.9 0.76 1 0 0 . 1 0.78 NP -
EC - 164 199.9 0.07 NP - 99.8 4.10
E C -165 200.5 0.06 NP - 1 0 0 . 0 1 . 1 1
EC - 166 854.3 1.19 NP - NP -
E C -167 99.7 0.87 99.9 0.57 99.8 1.14
EC - 168 1 0 0 . 0 1.34 NP - 199.7 1.54
EC - 169 1 0 0 . 0 1.64 149.9 1.19 400.2 1.27
EC - 170 99.9 1 . 8 6 149.7 1.09 2 0 0 . 6 1.37
EC - 171 150.2 1.52 99.8 0.79 1 0 0 . 1 0.82
EC - 172 1 0 0 . 0 1 . 0 2 100.3 3.64 298.5 3.38
EC - 173 99.9 1.08 NP - 300.0 0.93
E C -1 7 4 99.9 0.26 199.3 0.46 NP -
EC - 175 2 0 0 . 2 0.07 99.9 3.68 NP -
E C -1 7 6 351.0 <0.07 350.9 0.42 NP -
EC - 177 100.4 0 . 1 2 1 0 0 . 2 1.70 NP -
EC - 178 99.8 0.30 850.5 <0.17 NP -
E C -1 7 9 99.2 0.76 150.5 1.34 NP -
EC - 181 249.7 0.06 150.6 0.59 NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport._________________________
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Appendix Tabie C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
E C -182 150.2 0.18 897.2 0.30 NP -
EC - 183 TS - 401.4 1.09 NP -
E C -184 498.3 0.55 150.1 0.47 NP -
E C -185 TS - 1 0 0 2 . 0 0.29 NP -
E C -186 1 0 0 . 1 0.18 301.7 1.76 NP -
E C -187 1 0 0 . 6 0.41 131.1 2 . 0 1 NP -
E C -188 150.5 0.03 150.1 0.99 NP -
E C -189 1 0 0 . 2 2.51 199.5 0.40 NP -
EC - 191 150.2 0.28 99.5 0.87 NP -
EC - 192 99.9 0 . 1 2 501.3 0.13 NP -
EC - 193 150.1 2.15 200.4 0.44 NP -
EC - 194 1 0 0 . 2 0.08 1 0 0 . 0 1 . 2 2 NP -
E C -195 1 0 0 . 1 0.80 150.3 1.19 NP -
E C -196 99.9 0.39 299.6 2 . 1 1 NP -
EC - 197 349.6 0 . 6 6 200.4 0.34 NP -
EC - 198 250.5 0.14 250.4 0.23 NP -
EC - 199 149.9 <0.03 100.3 0.45 NP -
EC - 200 99.8 0.84 1 0 0 . 0 0 . 1 1 NP -
EC - 201 150.6 0.31 350.8 0 . 1 1 NP -
EC - 202 150.2 0.05 606.2 < 0 . 1 2 NP -
EC - 203 749.0 <0.15 1 0 0 . 0 3.14 NP -
EC - 204 99.8 0 . 0 2 500.6 1 . 0 0 NP -
EC - 205 100.3 0.08 598.2 2.85 NP -
Copahue-Caviahue (CP):
CP-01 249.7 <0.05 249.9 <0 .05 250.1 0 . 1 2
CP-02 249.9 <0.05 501.8 < 0 . 1 250.1 0.13
CP-03 250.1 <0.05 250.1 <0.05 249.9 <0 .05
CP-04 250.0 <0.05 250.1 0.09 250.0 0.42
CP-05 249.9 <0.05 250.0 <0 .05 250.2 <0 .05
CP-06 250.1 <0.05 249.9 <0 .05 250.2 <0 .05
CP-07 250.3 <0.05 250.3 <0 .05 249.9 <0 .05
CP-08 249.9 < 0.05 502.0 < 0 . 1 499.9 < 0 . 1
CP-09 250.0 <0.05 250.3 <0.05 250.3 0.08
CP-10 250.0 <0.05 250.0 <0 .05 249.9 <0 .05
CP-11 249.9 <0.05 251.8 <0 .05 249.8 <0.05
CP-12 250.1 <0.05 250.0 < 0.05 250.0 1.15
CP-13 250.0 <0.05 261.0 <0 .05 500.6 < 0 . 1
CP-14 250.1 <0.05 250.5 <0.05 249.9 1.67
CP-15 250.1 <0.05 249.4 <0 .05 250.0 0.05
CP-16 250.0 <0.05 501.6 < 0 . 1 499.2 < 0 . 1
CP-17 250.1 <0.05 250.0 <0 .05 250.7 0.07
CP-18 250.0 <0.05 499.8 < 0 . 1 249.8 0.07
CP-19 250.1 < 0.05 250.6 0.06 250.2 0.18
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP 
TS = sample too small; SL = sample lost in transport.
= sample not provided;
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Appendix Table C2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail and toenail samples from location study participants: General Roca (GR), Los 
Menucos (LM), Eduardo Castex (EC) and Copahue-Caviahue (CP).
Arsenic Levels in Biological Samples (mg/kg)
Code Hair Fingernail Toenail
DF [As] DF [As] DF [As]
CP-20 250.1 <0.05 250.1 0.09 251.0 0 . 1 1
CP-21 250.3 < 0.05 250.4 <0 .05 250.0 < 0.05
CP-22 250.2 0.15 TS - 255.2 0.42
DF = dilution factor; [As] = arsenic concentration (mg/kg); NP = sample not provided;
TS = sample too small; SL = sample lost in transport.______________________________
Appendix Table C3: Spearman rank correlation coefficients (Yg) for the relationship 
between arsenic and other trace elements in hair, fingernail and toenail samples from 
all locations (whole), Eduardo Castex (EC), General Roca (GR), Los Menucos (LM) 
and Copahue-Caviahue (CP).
Group Sample Type n V U Se Mn Fe Zn
Hair 220 0.583** 0.583** 0.345** - 0.068 0.031 0.060
Whole Fingernail 199 0.453** 0.460** 0.606** 0.374** - 0.006 0.255**
Toenail 149 0.657** 0.501** 0.462** 0.229** 0.040 0.044
Hair 88 0.491** 0.481** 0.051 - 0.074 0.104 0.119
EC Fingernail 83 - 0.067 0.003 0.438** 0.252* - 0.095 -0.153
Toenail 33 0.587** 0.032 0.228 0.126 0.009 0.020
Hair 83 - 0.039 0.161 0.174 0.127 0.254* - 0.006
GR Fingernail 74 0.005 0.444** 0.390** 0.274* - 0.053 -0.134
Toenail 77 0.339** -0.168 0.190 0.598** 0.292** - 0.031
Hair 34 0.221 0.328 0.049 0.274 0.050 - 0.305
LM Fingernail 28 0.462* 0.640** 0.723** 0.537** - 0.274 0.552**
Toenail 24 0.471* 0.237 - 0.044 0.193 -0.112 - 0.271
Hair 15 0.435 0.372 -0.127 0.403 0.247 -0.186
CP Fingernail 14 0.223 0.246 0.506 - 0.224 0.431 -0.106
Toenail 15 0.285 0.491 - 0.261 0.128 0.087 -0.199
* probability (p) < 0.05; ** probability (p) < 0.01.
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Appendix Tabie D1: Questionnaire information for type-2 diabetes study participants
in the type-2 diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND)
group (Eduardo Castex).
Code
(EC-#)
S tudy
G roup Gender
(M/F)
Age
(Yr)
D em ographic Q uestionnaire In fo rm ation  
H eigh. w e ig h . H ea i.hS .a .us Sm oker
(Y/N)
1 T2D M 53 1.71 95 T2D NS
2 T2D M NS 1.78 1 0 0 T2D; Renal Failure NS
3 T2D M 73 1 . 6 8 50 T2D NS
4 T2D F 32 1.67 96 T2D NS
5 T2D M 51 1.76 97 T2D Y
6 T2D F 61 1 . 6 8 62 T2D N
1 0 T2D M 6 8 1.72 89 T2D N
1 1 T2D M 73 1.65 60 T2D Y
15 T2D M 69 1.72 80 T2D N
17 T2D M 69 1.72 80 T2D N
2 0 T2D M 6 8 1.70 6 8 T2D N
28 T2D F 69 1 . 6 6 62 T2D N
29 T2D M 80 1.72 70 T2D N
30 T2D F 49 1.69 80 T2D; Hyperthyroidism N
32 T2D F 62 1 . 6 8 72 T2D; Hyperthyroidism N
36 T2D F 62 1.67 73 T2D N
46 T2D M 72 1.72 74 T2D N
49 T2D F 57 1.69 8 8 T2D; Obesity N
51 T2D M 79 1 . 6 8 67 T2D N
52 T2D F 80 1 . 6 8 71 T2D; Renal Failure N
53 T2D F 33 1.64 1 1 0 T2D; Hyperthyroidism N
54 T2D F 70 1.69 85 T2D; Heart Failure N
60 T2D F 6 8 1.67 76 T2D; Arthritis N
61 T2D M 84 1.78 NS T2D N
62 T2D M 70 1.78 105 T2D N
6 6 T2D M 77 1.79 78 T2D N
67 T2D M 65 1.70 71 T2D N
6 8 T2D F 71 1.63 78 T2D: Blind N
73 T2D 61 1.71 78 T2D Y
76 T2D F 60 1.50 65 T2D N
77 T2D 51 1.64 72.5 T2D Y
78 T2D F 50 1.52 62 T2D N
79 T2D 61 1 . 6 8 83 T2D N
81 T2D F 43 1.48 58.5 T2D Y
85 T2D 57 1.72 8 6 T2D N
8 8 T2D F 56 1.52 59 T2D N
89 T2D M 61 1.77 84 T2D Y
90 T2D F 55 1.48 54 T2D N
92 T2D M 59 1.72 78.5 T2D N
93 T2D M 52 1.69 76 T2D Y
95 T2D F 73 1.57 67.5 T2D N
99 T2D M 74 1.83 93 T2D N
103 T2D M 52 1.78 89 T2D Y
NS = Not Specified.
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Appendix Table D1 Cont’d: Questionnaire information for type-2
participants in the type-2 diabetes (T2D) group and the healthy (> 20
diabetic (ND) group (Eduardo Castex).
Appendix D
diabetes study 
years old), non-
Code
(EC-#)
S tudy
Group Gender
(M/F)
Age
(Yr)
D em ographic Q uestionnaire  In form ation 
H e igh. w e # ,  H ea i.hSW .us Sm oker
(Y/N)
109 T2D M 52 1.73 82 T2D Y
1 1 0 T2D M 62 1.75 84 T2D N
1 1 1 T2D F 57 1.49 6 8 T2D Y
1 1 2 T2D F 54 1.54 74 T2D N
113 T2D F 80 1.54 73 T2D N
114 T2D M 77 1.59 77 T2D N
115 T2D F 62 1.55 67 T2D N
116 T2D F 76 1.52 6 6 T2D N
118 T2D F 6 8 1.58 73 T2D N
119 T2D M 6 6 1.76 84 T2D N
1 2 2 T2D M 56 1.73 76 T2D N
170 T2D M 63 1 . 6 8 78 T2D NS
7 ND M 52 1.67 70 None N
9 ND M 49 1.75 80 None N
1 2 ND M 34 1.78 95 None N
18 ND M 53 1.72 80 None N
2 1 ND M 82 1.75 72 None N
23 ND F 29 1.60 53 None N
24 ND F 50 1.65 69 None N
25 ND M 30 1.78 64 None N
27 ND F 40 1 . 6 8 61 None N
35 ND M 64 1.72 83 None N
37 ND M 74 1.72 83 None N
38 ND F 24 1 . 6 8 55 None N
41 ND F 2 0 1.67 64 None Y
42 ND M 50 1.71 74 None N
43 ND M 74 1.72 70 None N
44 ND F 54 1 . 6 6 60 None N
45 ND M 70 1.69 82 None N
50 ND M 49 1.74 72 None N
55 ND M 28 1.75 70 None N
56 ND F 6 6 1.58 65 None N
57 ND M 32 1.76 80 None N
58 ND M 70 1.70 82 None N
59 ND M 35 1.74 71 None N
64 ND F 64 1.67 59 None N
65 ND M 70 1.77 80 None N
70 ND F 2 0 1.82 NS None N
72 ND F 59 1 . 6 8 64 None N
74 ND F 63 1.48 68.5 None N
75 ND F 54 1.51 72.3 None Y
80 ND M 54 1.73 85 None Y
82 ND M 24 1.78 85 None N
NS = Not Specified.
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Appendix Tabie D1 Cont’d: Questionnaire information for type-2 diabetes study
participants in the type-2 diabetes (T2D) group and the healthy (> 20 years old), non­
diabetic (ND) group (Eduardo Castex).
Code
(EC-tf)
S tudy
Group Gender
(M/F)
Age
(Yr)
D em ographic Q uestionnaire  In form ation 
Heigm  w e ig h , H ea i,hS ,a ,us Sm oker
(Y/N)
83 ND F 32 1.62 75 None N
84 ND M 44 1 . 6 6 73 None Y
8 6 ND F 35 1.51 67 None Y
87 ND M 47 1 . 6 8 78 None Y
91 ND M 45 1.76 83.5 None Y
94 ND M 40 1 . 6 8 75 None N
96 ND M 51 1.76 83 None Y
97 ND M 47 1.73 79 None Y
98 ND M 2 2 1.69 84 None N
1 0 0 ND F 38 1.56 67 None Y
1 0 1 ND M 31 1.62 75 None Y
1 0 2 ND M 42 1.57 65 None Y
104 ND F 41 1.56 72 None Y
105 ND M 50 1.73 74 None Y
106 ND F 27 1.52 6 8 None N
107 ND M 33 1.78 105 None Y
108 ND M 45 1.62 93 None Y
117 ND F 32 1.48 62 None Y
1 2 0 ND F 47 1.48 54 None Y
1 2 1 ND M 42 1.74 83 None Y
123 ND F 47 1.50 64 None Y
124 ND F 51 1.48 59 None Y
125 ND M 37 1.65 55 None NS
130 ND F 42 1.60 60 None NS
131 ND F 36 1.75 75 None NS
133 ND M 72 1.76 95 None NS
136 ND M 54 1.70 80 None NS
141 ND M 49 1.80 1 0 2 None NS
142 ND M 23 1.73 80 None NS
143 ND F 46 1.70 78 None NS
145 ND F 2 1 1.73 51 None NS
146 ND F 32 1.65 6 6 None NS
150 ND F 26 1.70 6 6 None NS
158 ND M 40 1.77 82 None NS
159 ND F 49 1.54 64 None NS
162 ND F 44 1.61 52 None NS
164 ND F 31 1.62 56 None NS
167 ND M 33 1.65 75 None NS
168 ND F 31 1.63 59 None NS
171 ND M 33 1.75 78 None NS
172 ND F 35 1.70 49 None NS
173 ND F 27 1.72 65 None NS
181 ND F 48 1.65 8 6 None NS
185 ND F 36 1.67 74 None NS
NS = Not Specified.
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Appendix Table D1 Cont’d: Questionnaire information for type-2 diabetes study
participants in the type-2 diabetes (T2D) group and the healthy (> 20 years old), non­
diabetic (ND) group (Eduardo Castex).
Code Study 
(EC-#) Group Gender
(M/F)
Age
(Yr)
Demographic Questionnaire Information 
Heigh. W e^h. Hea„hSW.us
188 ND F 46 1.65 57 None NS
191 ND M 42 1.73 74 None NS
194 ND F 45 1.65 53 None NS
195 ND F 39 NS 62 None NS
198 ND M 59 1.85 91 None NS
199 ND F 42 1.61 51 None NS
200 ND M 44 1.74 65 None NS
201 ND M 37 1.73 90 None NS
205 ND F 54 1.56 55 None NS
NS = Not Specified.
Appendix Tabie D2: Arsenic concentrations and dilution factors for hair, fingernail, and
toenail samples from type-2 diabetes study participants in the type-2 diabetes (T2D)
group and the healthy (> 20 years old), non-diabetic (ND) group (Eduardo Castex).
Arsenic Levels In Biological Samples (mg/kg)
Code
(EC-#)
Study
Group Hair Fingernail Toenail
DF [As] DF [As] DF [As]
1 T2D 250.0 0.55 250.0 0.27 249.8 0.57
2 T2D 500.4 0.15 999.7 0.18 500.3 0.25
3 T2D 250.6 0.32 499.8 0.17 501.1 0.33
4 T2D 249.9 0.26 249.6 0.17 249.9 0.26
5 T2D 249.7 0.05 249.6 0.08 298.6 0.10
6 T2D 250.2 <0.05 249.8 0.07 249.9 0.12
1 0 T2D 250.3 0.37 NP - 250.1 0.25
1 1 T2D 501.9 0.06 250.2 0.08 250.1 0.12
15 T2D 249.8 0.27 NP - NP
17 T2D NP - NP - NP
2 0 T2D NP - NP - NP
28 T2D NP - NP - NP
29 T2D NP - NP - NP
30 T2D NP - NP - NP
32 T2D NP - NP - NP
36 T2D NP - NP - NP
46 T2D NP - NP - NP
49 T2D NP - NP - NP
51 T2D NP - NP - NP
52 T2D NP - NP - NP
53 T2D NP - NP - NP
54 T2D NP - NP - NP
60 T2D NP - NP - NP
61 T2D NP - NP - NP
62 T2D NP - NP - NP
L/r — uiiuiiuii IC3UIUI, [moj — c i i o c ^ i i i l /  i i i c i u u j i  \iJiy/f\y ui yy/i/, iNi
not provided; TS = sample too small; SL = sample lost in transport.
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Appendix Table D2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail, and toenail samples from type-2 diabetes study participants in the type-2 
diabetes (T2D) group and the heaithy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Code
(EC-#)
Study
Group
Arsenic Levels In Biological Samples (mg/kg)
DF
Hair
[As]
Fingernail 
DF [As]
Toenail 
DF [As]
6 6 T2D NP - NP - NP -
67 T2D NP - NP - NP -
6 8 T2D NP - NP - NP -
73 T2D NP - NP - NP -
76 T2D 1 0 0 . 0 0.75 1 0 0 . 1 0.07 NP -
77 T2D 1 0 0 . 2 0.55 99.8 0.08 NP -
78 T2D 1 0 0 . 1 0.38 1 0 0 . 2 0.06 NP -
79 T2D 1 0 0 . 2 2.09 99.9 0.07 NP -
81 T2D 1 0 0 . 1 0.60 1 0 0 . 0 0 . 1 0 NP -
85 T2D 1 0 0 . 0 0.27 1 0 0 . 0 0 . 1 0 NP -
8 8 T2D 99.8 0 . 1 0 1 0 0 . 1 4.41 NP -
89 T2D 99.8 0.91 100.5 0 . 1 1 NP -
90 T2D 1 0 0 . 0 0.17 1 0 0 . 0 5.20 NP -
92 T2D 1 0 0 . 0 0.30 1 0 0 . 0 5.38 NP -
93 T2D 99.9 0.37 1 0 0 . 0 0 . 1 1 NP -
95 T2D 1 0 0 . 0 0.89 99.8 4.83 NP -
99 T2D 99.9 0.06 99.8 0.19 NP -
103 T2D 1 0 0 . 1 0.03 1 0 0 . 0 0.17 NP -
109 T2D 1 0 0 . 0 0.06 149.6 0 . 1 2 NP -
1 1 0 T2D 1 0 0 . 0 0.06 100.5 0.09 NP -
1 1 1 T2D 1 0 0 . 0 0 . 1 0 1 0 0 . 1 0.13 NP -
1 1 2 T2D 1 0 0 . 1 0.03 1 0 0 . 1 0.09 NP -
113 T2D 99.9 4.24 1 0 0 . 2 0.15 NP -
114 T2D 1 0 0 . 0 0.08 150.2 0.15 NP -
115 T2D 1 0 0 . 1 0.18 99.7 0.08 NP -
116 T2D 99.9 0 . 1 0 99.7 0 . 1 0 NP -
118 T2D 1 0 0 . 1 0.06 1 0 0 . 0 0.16 NP -
119 T2D 1 0 0 . 0 0 . 1 0 1 0 0 . 1 0 . 1 0 NP -
1 2 2 T2D 1 0 0 . 0 0 . 1 0 1 0 0 . 0 0 . 1 2 NP -
170 T2D 99.9 1 . 8 6 149.7 1.09 2 0 0 . 6 1.37
7 ND 249.9 0.06 250.1 0.16 249.7 0.56
9 ND 250.0 <0.05 250.0 0 . 1 2 250.1 0.67
1 2 ND 250.2 0.09 249.8 0.05 250.0 0.36
18 ND 250.0 <0.05 NP - NP -
2 1 ND NP - NP - NP -
23 ND NP - NP - NP -
24 ND NP - NP - NP -
25 ND NP - NP - NP -
27 ND NP - NP - NP -
35 ND NP - NP - NP -
37 ND NP - NP - NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg or gg/l); NP 
not provided; TS = sample too small; SL = sample lost in transport.
= sample
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Appendix Table D2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail, and toenail samples from type-2 diabetes study participants in the type-2 
diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Code
(EC-#)
Study
Group
Arsenic Levels In Biological Samples (mg/kg)
Hair 
DF [As]
Fingernail 
DF [As]
Toenail 
DF [As]
38 ND NP - NP - NP -
41 ND NP - NP - NP -
42 ND NP - NP - NP -
43 ND NP - NP - NP -
44 ND NP - NP - NP -
45 ND NP - NP - NP -
50 ND 99.9 0.56 1 0 0 . 0 0 . 6 6 1 0 0 . 1 2.07
55 ND NP - NP - NP -
56 ND NP - NP - NP -
57 ND NP - NP - NP -
58 ND NP - NP - NP -
59 ND NP - NP - NP -
64 ND NP - NP - NP -
65 ND NP - NP - NP -
70 ND NP - NP - NP -
72 ND NP - NP - NP -
74 ND 1 0 0 . 0 0 . 1 0 150.2 0.16 NP -
75 ND 1 0 0 . 0 0.08 149.9 0 . 1 1 NP -
80 ND 1 0 0 . 0 0.06 149.7 0.08 NP -
82 ND 99.9 0.08 99.8 3.88 NP -
83 ND 99.9 0.08 99.8 3.93 NP -
84 ND 99.9 0.14 99.8 3.56 NP -
8 6 ND 1 0 0 . 1 0.05 1 0 0 . 2 2 . 2 2 NP -
87 ND 100.5 0.06 99.9 4.45 NP -
91 ND 1 0 0 . 1 0.07 149.9 3.83 NP -
94 . ND 1 0 0 . 0 0.06 150.2 6.32 NP -
96 ND 1 0 0 . 0 0.08 1 0 0 . 0 0 . 1 2 NP -
97 ND 99.9 0.08 1 0 0 . 1 4.79 NP -
98 ND 1 0 0 . 0 0.08 99.6 4.43 NP -
1 0 0 ND 1 0 0 . 1 0.06 1 0 0 . 1 4.64 NP -
1 0 1 ND 1 0 0 . 0 0.06 1 0 0 . 0 5.52 NP -
1 0 2 ND 99.8 0.08 1 0 0 . 0 5.68 NP -
104 ND 1 0 0 . 0 0.05 1 0 0 . 0 1 0 . 6 6 NP -
105 ND 99.9 0.09 1 0 0 . 0 3.85 NP -
106 ND 1 0 0 . 0 0.09 1 0 0 . 1 5.22 NP -
107 ND 99.8 0.17 1 0 0 . 0 6.40 NP -
108 ND 99.9 0 . 1 0 100.5 5.68 NP -
117 ND 1 0 0 . 0 0 . 1 0 2 0 0 . 1 0.07 NP -
1 2 0 ND 99.9 0.06 1 0 0 . 2 0.14 NP -
1 2 1 ND 99.9 0.14 1 0 0 . 2 0.09 NP -
123 ND 99.9 0.06 1 0 0 . 0 0.32 NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP =
sample not provided; IS  = sample too small; SL = sample lost in transport.
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Appendix Tabie D2 Cont’d: Arsenic concentrations and dilution factors for hair, 
fingernail, and toenail samples from type-2 diabetes study participants in the type-2 
diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Code
(EC-#)
Study
Group
Arsenic Levels in Biological Samples (mg/kg)
Hair 
DF [As]
Fingernail 
DF [As]
Toenail 
DF [As]
124 ND 99.9 0.08 99.9 0.33 NP -
125 ND TS - 149.5 0.55 150.6 0.93
130 ND 1 0 0 . 1 0.16 250.5 0.48 NP -
131 ND 783.4 <0 .15 NP - 99.9 2.56
133 ND 600.9 0.83 150.2 0.52 1 0 0 . 0 0.64
136 ND 500.2 0.98 1 0 0 . 1 0.49 1 0 0 . 1 0 . 6 6
141 ND 249.9 0.37 1 0 0 . 0 0.50 1 0 0 . 0 0.69
142 ND 149.7 0 . 2 1 100.3 0.73 1 0 0 . 0 2.39
143 ND 1 0 0 . 0 0 . 2 1 149.7 0.84 NP -
145 ND 1 0 0 . 1 0.25 500.7 0.41 150.2 1.70
146 ND 1 0 0 . 1 0.15 250.5 0.58 NP -
150 ND 99.9 0.59 NP - 199.7 0.90
158 ND NP - 149.5 0.90 99.8 1.73
159 ND 250.5 0.06 149.7 1.03 1 0 2 . 6 1.45
162 ND 1 0 0 . 2 0 . 1 1 250.0 0.44 149.8 0.98
164 ND 199.9 0.07 NP - 99.8 4.10
167 ND 99.7 0.87 99.9 0.57 99.8 1.14
168 ND 1 0 0 . 0 1.34 NP - 199.7 1.54
171 ND 150.2 1.52 99.8 0.79 1 0 0 . 1 0.82
172 ND 1 0 0 . 0 1 . 0 2 100.3 3.64 298.5 3.38
173 ND 99.9 1.08 NP - 300.0 0.93
181 ND 249.7 0.06 150.6 0.59 NP -
185 ND TS - 1 0 0 2 0.29 NP -
188 ND 150.5 0.03 150.1 0.99 NP -
191 ND 150.2 0.28 99.5 0.87 NP -
194 ND 1 0 0 . 2 0.08 1 0 0 . 0 1 . 2 2 NP -
195 ND 1 0 0 . 1 0.80 150.3 1.19 NP -
198 ND 250.5 0.14 250.4 0.23 NP -
199 ND 149.9 <0.03 100.3 0.45 NP -
2 0 0 ND 99.8 0.84 1 0 0 . 0 0 . 1 1 NP -
2 0 1 ND 150.6 0.31 350.8 0 . 1 1 NP -
205 ND 100.3 0.08 598.2 2.85 NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP = sample 
not provided; TS = sample too small; SL = sample lost in transport.__________
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Appendix Tabie D3: Arsenic concentrations and dilution factors for urine, whole blood 
and blood serum samples from type-2 diabetes study participants in the type-2 
diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Arsenic Levels in Biological Samples (pg/l)
Study Urine Whole Blood Blood Serum(EC-#) Group
DF [As] DF [As] DF [As]
1 T2D NP - NP - NP -
2 T2D NP - NP - NP -
3 T2D NP - NP - NP -
4 T2D NP - NP - NP -
5 T2D 1.99 12.3 9.98 6 . 6 8 NP -
6 T2D 1.99 4.66 9.98 5.93 NP -
1 0 T2D 1.99 15.1 9.98 7.25 NP -
1 1 T2D 2 . 0 1 1 2 . 6 1 0 . 0 1 5.46 NP -
15 T2D 1.99 11.9 19.97 6.59 NP -
17 T2D 2 . 0 0 36.5 9.99 4.96 NP -
2 0 T2D 2 . 0 0 44.1 1 0 . 0 2 7.07 NP -
28 T2D 2.06 16.3 1 0 . 0 1 4.37 NP -
29 T2D 2.07 1 2 0 9.99 42.9 NP -
30 T2D 2.03 34.4 9.99 6.37 NP -
32 T2D 2.03 31.1 9.98 21.9 NP -
36 T2D 2.07 1 1 . 2 9.99 5.51 NP -
46 T2D 2.03 48.4 9.99 5.30 NP -
49 T2D 2.03 1035 9.98 26.8 NP -
51 T2D 2.04 53.2 1 0 . 0 1 6.77 NP -
52 T2D 2.07 18.3 9.99 7.82 NP -
53 T2D 2 . 0 1 279 9.99 8.50 NP -
54 T2D 2.03 15.5 1 0 . 0 2 5.06 NP -
60 T2D 2.03 35.0 1 0 . 0 0 6.15 NP -
61 T2D 2 . 0 0 2 2 . 1 NP - 5.01 4.64
62 T2D 2 . 0 0 263 NP - 4.98 3.62
6 6 T2D 2 . 0 0 1 0 . 1 NP - 5.00 2.74
67 T2D 2 . 0 0 20.7 NP - 5.00 2.81
6 8 T2D 2 . 0 0 7.79 NP - 5.01 2.54
73 T2D 2 . 0 0 52.6 NP - 5.00 5.81
76 T2D 2 . 0 0 8 8 . 1 NP - 4.99 30.9
77 T2D 1.99 142 NP - 5.00 24.4
78 T2D 2 . 0 0 250 NP - 5.01 49.5
79 T2D 2 . 0 0 393 NP - 4.98 64.0
81 T2D 2 . 0 0 1 2 1 NP - 4.99 90.8
85 T2D 1.99 167 NP - 4.98 45.9
8 8 T2D 1.99 194 NP - 5.00 38.3
89 T2D 2 . 0 0 402 NP - 4.99 72.8
90 T2D 2 . 0 1 361 NP - 5.01 69.1
92 T2D 2 . 0 0 240 NP - 5.01 64.7
93 T2D 2 . 0 0 199 NP - 5.00 79.8
95 T2D 2 . 0 0 136 NP - 5.00 69.8
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP = sample
not provided; TS = sample too small; SL = sample lost in transport._________
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Appendix Tabie D3 Cont’d: Arsenic concentrations and dilution factors for urine, 
whole blood and blood serum samples from type-2 diabetes study participants in the 
type-2 diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Code
(EC4%
Arsenic Levels in Biological Samples (pg/l)
Study
Group Urine 
DF [As]
Whole Blood 
DF [As]
Blood Serum 
DF [As]
99 T2D 1.99 1 0 2 NP - 4.99 34.6
103 T2D 1.99 292 NP - 4.99 52.3
109 T2D 1.99 145 NP - 5.01 87.2
1 1 0 T2D 2 . 0 1 63.4 NP - 4.99 70.2
1 1 1 T2D 2 . 0 0 305 NP - 4.99 130
1 1 2 T2D 2 . 0 0 82.9 NP - 4.98 16.5
113 T2D 2 . 0 0 238 NP - 5.00 43.2
114 T2D 2 . 0 0 158 NP - 5.01 58.8
115 T2D 2 . 0 0 146 NP - 5.00 51.0
116 T2D 2 . 0 0 287 NP - 4.99 35.2
118 T2D 2 . 0 1 207 NP - 5.00 142
119 T2D 1.99 230 NP - 5.01 74.6
1 2 2 T2D 2 . 0 0 343 NP - 4.99 58.4
170 T2D NP - NP - NP -
7 ND 1.99 18.2 1 0 . 0 2 5.51 NP -
9 ND 2 . 0 0 27.8 9.98 6 . 1 1 NP -
1 2 ND 2 . 0 0 42.0 1 0 . 0 2 4.84 NP -
18 ND 1.99 24.5 9.98 4.87 NP -
2 1 ND 2 . 0 0 1 2 . 8 10.03 5.95 NP -
23 ND 2 . 0 0 208 9.98 5.84 NP -
24 ND 2 . 0 0 65.8 9.98 7.74 NP -
25 ND 2 . 0 1 427 9.97 29.4 NP -
27 ND 2.07 14.0 9.98 5.34 NP -
35 ND 2.05 31.1 1 0 . 0 0 6.17 NP -
37 ND 2.07 7.81 9.97 6.71 NP -
38 ND 2 . 0 2 45.0 9.99 5.57 NP -
41 ND 2 . 0 1 27.3 9.99 4.36 NP -
42 ND 2.05 29.1 1 0 . 0 1 6.48 NP -
43 ND 2.04 37.0 10.03 6.13 NP -
44 ND 2.06 14.9 9.97 1 1 . 0 NP -
45 ND 2 . 0 2 38.3 1 0 . 0 1 7.84 NP -
50 ND 2.04 38.1 9.99 4.67 NP -
55 ND 1.99 126 9.99 8.69 NP -
56 ND 2.04 2 1 . 1 1 0 . 0 0 6.03 NP -
57 ND 2 . 0 2 443 9.99 16.2 NP -
58 ND 2 . 0 2 48.7 9.98 8.09 NP -
59 ND 2 . 0 2 27.5 1 0 . 0 0 6.53 NP -
64 ND 2 . 0 0 6.13 NP - 4.99 4.32
65 ND 1.99 2 1 . 6 NP - 4.98 5.22
70 ND 2 . 0 0 34.5 NP - SL -
72 ND 2 . 0 0 19.3 NP - 5.01 6.80
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP = sample 
not provided; TS = sample too small; SL = sample lost in transport.
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Appendix Tabie D3 Cont’d: Arsenic concentrations and dilution factors for urine, 
whole blood and blood serum samples from type-2 diabetes study participants in the 
type-2 diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Arsenic Levels In Biological Samples (pg/l)
Code
(EC-#)
S tudy
Group
1
DF
Urine
[As]
W hole B lood 
DF [As]
B lood
DF
Serum
[As]
74 ND 2 . 0 0 1 1 2 NP - 4.99 1 0 . 1
75 ND 2 . 0 0 133 NP - 5.01 9.92
80 ND 2 . 0 0 36.8 NP - 4.99 10.4
82 ND 2 . 0 0 54.2 NP - 5.00 9.56
83 ND 2 . 0 1 186 NP - 5.02 1 0 . 6
84 ND 2 . 0 0 51.5 NP - 5.00 1 1 . 2
8 6 ND 2 . 0 1 79.5 NP - 5.00 1 1 . 0
87 ND 2 . 0 1 78.8 NP - 4.98 10.9
91 ND 2 . 0 0 48.5 NP - 5.00 9.92
94 ND 1.99 87.7 NP - 5.00 1 0 . 2
96 ND 2 . 0 0 85.5 NP - 5.00 10.7
97 ND 2 . 0 0 174 NP - 5.00 33.5
98 ND 2 . 0 0 50.5 NP - 5.00 2.90
1 0 0 ND 2 . 0 0 2 1 . 0 NP - 5.00 1 0 . 0
1 0 1 ND 1.99 28.8 NP - 4.99 8.70
1 0 2 ND 2 . 0 0 99.3 NP - 5.01 7.58
104 ND 1.99 95.6 NP - 4.98 3.02
105 ND 2 . 0 0 161 NP - 4.99 2.42
106 ND 2 . 0 0 36.3 NP - 4.99 5.74
107 ND 2 . 0 0 81.5 NP - 4.98 1.99
108 ND 1.99 14.0 NP - 5.00 14.1
117 ND 2 . 0 0 27.3 NP - 5.01 2.14
1 2 0 ND 2 . 0 0 78.5 NP - 4.98 1 1 . 2
1 2 1 ND 1.99 69.8 NP - 5.00 2.13
123 ND 2 . 0 0 50.6 NP - 4.97 2.06
124 ND 1.99 6 6 . 6 NP - 5.02 5.12
125 ND NP - NP - NP -
130 ND NP - NP - NP -
131 ND NP - NP - NP -
133 ND NP - NP - NP -
136 ND NP - NP - NP -
141 ND NP - NP - NP -
142 ND NP - NP - NP -
143 ND NP - NP - NP -
145 ND NP - NP - NP -
146 ND NP - NP - NP -
150 ND NP - NP - NP -
158 ND NP - NP - NP -
159 ND NP - NP - NP -
162 ND NP - NP - NP -
164 ND NP - NP - NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP = sample
not provided; TS = sample too small; SL = sample lost in transport._________
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Appendix Tabie D3 Cont’d: Arsenic concentrations and dilution factors for urine, 
whole blood and blood serum samples from type-2 diabetes study participants in the 
type-2 diabetes (T2D) group and the healthy (> 20 years old), non-diabetic (ND) group 
(Eduardo Castex).
Code Study 
(EC-#) Group
Arsenic Levels in Biological Samples (pg/l)
Urine 
DF [As]
Whole Blood 
DF [As]
Blood Serum 
DF [As]
167 ND NP - NP - NP -
168 ND NP - NP - NP -
171 ND NP - NP - NP -
172 ND NP - NP - NP -
173 ND NP - NP - NP -
181 ND NP - NP - NP -
185 ND NP - NP - NP -
188 ND NP - NP - NP -
191 ND NP - NP - NP -
194 ND NP - NP - NP -
195 ND NP - NP - NP -
198 ND NP - NP - NP -
199 ND NP - NP - NP -
2 0 0 ND NP - NP - NP -
2 0 1 ND NP - NP - NP -
205 ND NP - NP - NP -
DF = dilution factor; [As] = arsenic concentration (mg/kg or pg/l); NP = sample 
not provided; TS = sample too small; SL = sample lost in transport.__________
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Appendix Tabie D4: Total arsenic levels (arithmetic/geometric mean, median, 
minimum and maximum) in hair (H), fingernail (FN), toenail (TN), urine (U), whole blood 
(WB) and blood serum (BS) samples from male and female participants with type-2 
diabetes (T2D) and healthy, non-diabetic controls (ND); and the statistical difference 
(Mann-Whitney U-Test) between male and female study participants. NB: mean and 
standard deviation have not been calculated where the minimum concentration is 
below the detection limit.
Sample
Type Group n
Total Arsenic Concentration (pg/l A st) Mann-Whitney U-Test*
Ar% Geo.X S.D. Med. Min. Max. P Relationship
ND-M 30 _ _ - 0 . 1 0
< 
n nc 1.52u.uo
0.321 no difference
ND-F 29 _ 0.08 1.34
H 0.03
T2D-M 2 1 0.41 0 . 2 0 0.57 0.27 0.03 2.09
< 0.934 no difference
T2D-F 14 0.18 4.24
0.05
ND-M 31 2.13 0.83 2.31 0.73 0.05 6.40
0.729 no difference
ND-F 25 1.71 0.78 2.40 0.59 0.07 10.7
FN
T2D-M 19 0.46 0.16 1 . 2 1 0 . 1 2 0.07 5.38
0.679 no difference
T2D-F 14 1 . 1 2 0.23 2 . 0 1 0 . 1 1 0.06 5.20
ND-M 1 2 1.06 0.90 0.65 0.75 0.36 2.39
< 0 .05 F >  M
ND-F 9 1.95 1.69 1.15 1.54 0.90 4.10
TN
T2D-M 7 0.43 0.29 0.44 0.25 0 . 1 0 1.37
0.667 no difference
T2D-F 2 0.19 0.18 0.09 0.19 0 . 1 2 0.26
ND-M 32 78.8 49.5 1 0 2 45.3 7.81 443
0.696 no difference
ND-F 2 1 63.9 44.1 56.1 45.0 6.13 208
T2D-M 27 133 75.7 123 1 0 2 1 0 . 1 402
0.946 no difference
T2D-F 23 170 77.3 2 2 0 1 2 2 4.66 1035
ND-M 16 8.39 7.28 6 . 2 2 6.32 4.67 29.4
0.341 no difference
ND-F 7 6.55 6.28 2.19 5.84 4.36 1 1 . 0
WB
T2D-M 9 10.3 7.69 1 2 . 2 6 . 6 8 4.96 42.9
1 . 0 0 0 no difference
T2D-F 1 0 9.84 8 . 0 2 7.82 6.26 4.37 26.8
ND-M 16 9.46 7.29 7.44 9.74 1.99 33.5
0.503 no difference
ND-F 13 7.07 6.06 3.53 6.80 2.06 1 1 . 2
BS
T2D-M 18 44.9 27.0 30.1 55.3 2.74 87.2
0.679 no difference
T2D-F 13 59.1 42.6 41.2 49.5 2.54 142
^ Statistical difference between the males (M) and females (F), analysed using a Mann-Whitney U-Test (p
= probability level); n = number o f samples in group; Ar. x = arithmetic mean; Geo. x = geometric mean;
S.D. = standard deviation; Med. = median; Min. = minimum; Max. = maximum.
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Appendix Tabie D5: Total arsenic levels (arithmetic/geometric mean, median, 
minimum and maximum) in hair (H), fingernail (FN), toenail (TN), urine (U), whole blood 
(WB) and blood serum (BS) samples from participants with type-2 diabetes (T2D) and 
healthy, non-diabetic controls (ND) in two age categories; 20 to 39 years old (< 40), 40 
years old or over (> 40); and the statistical difference (Mann-Whitney U-Test) between 
the age groups.
Sample
Type Group
Total Arsenic Concentration (pg/l A st) Mann-Whitney U-Test*
n
Ar. 3c Geo.3c S.D. Med. Min. Max. P Relationship
N D < 4 0 22 0.16 <0.15 1.52
H <0.05 under > over
N D > 4 0 37 - - - 0.08 <0.03 0.98
ND < 4 0 20 2.26 1.05 2.18 0.99 0.05 6,40
FN 0.321 no difference
ND > 4 0 36 1.77 Ü.7Ü 2.43 0.55 0.08 10.7
ND < 4 0 12 1.73 1.40 1.15 1.34 0.36 4.10
TN 0.129 no difference
ND > 4 0 9 1.05 0.94 0.56 0.69 0.56 2.07
ND < 4 0 18 108 65.4 131 47.7 21.0 443
U 0.189 no difference
ND > 4 0 35 54.8 40.0 42.8 38.5 6.13 174
ND < 4 0 8 10.2 8.10 8.65 6.18 4.36 29.4
WB 0.875 no difference
ND > 4 0 15 6.57 6.42 24.0 6.13 4.67 11.0
ND < 4 0 9 6.95 5.75 3.78 8.70 1.99 11.0
BS 0.390 no difference
ND > 4 0 20 9.04 7.20 6.80 9.92 2.06 33.5
* Statistical difference between different ages groups, analysed using a Mann-Whitney U-Test (p = probability
level); n = number of samples in group; Ar. % =: arithmetic mean; Geo. x = geometric mean; S.D. = standard
deviation; Med. = median; Min. = minimum; Max. = maximum.
Appendix Tabie D6: Total arsenic levels (arithmetic/geometric mean, median, 
minimum and maximum) in hair (H), fingernail (FN), toenail (TN), urine (U), whole blood 
(WB) and blood serum (BS) samples from participants with type-2 diabetes (T2D) and 
healthy, non-diabetic controls (ND) in two age categories: 20 to 59 years old (< 60), 60 
years old or over (> 60); and the statistical difference (Mann-Whitney U-Test) between 
the age groups.
Sampie
Type
Totai Arsenic Concentration (pg/i A st) Mann-Whitney U-Test*
Group n
Ar. 3c Geo.3c S.D. Med. Min. Max. P Relationship
H
T2D < 60 
T2D > 60
16
18
0.24 0.16 0.20 0.21
0.27
0.03 
< 0.05
0.60
4.24
0.484 no difference
FN
T2D < 60 
T2D > 60
16
16
1.04
0.47
0.23
0.16
1.97
1.19
0.12
0.11
0.06
0.07
5.38
4.83
0.445 no difference
TN
T2D < 60 
T2D > 60
3
5
0.31
0.44
0.24
0.28
0.24
0.53
0.26
0.25
0.10
0.12
0.57
1.37
1.000 no difference
U
T2D < 60 
T2D > 60
17
33
247
100
173
50.2
227
113
199
48.4
12.3
4.66
1035
402
<0.01 under > over
WB
T2D < 60 
T2D > 60
4
15
12.1
9.54
9.92
7.39
9.83
10.1
7.59
6.15
6.37
4.37
26.8
42.9
0.185 no difference
BS
T2D < 60 
T2D > 60
13
18
62.1
42.7
54.7
22.5
30.4
37.1
58.4
39.2
16.6
2.54
130
142
0.115 no difference
* Statistical difference between different ages groups, analysed using a Mann-Whitney U-Test (p = probability
level); n = number o f samples in group; Ar. x =: arithmetic mean; Geo. x = geometric mean; S.D. = standard
deviation; Med. = median; Min. = minimum; Max. = maximum.
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Appendix Tabie D7: Total arsenic levels (arithmetic/geometric mean, median, 
minimum and maximum) in hair (H), fingernail (FN), toenail (TN), urine (U), whole blood 
(WB) and blood serum (BS) samples from smoker (Y) and non-smoker (N) participants 
with type-2 diabetes (T2D) and healthy, non-diabetic controls (ND); and the statistical 
difference (Mann-Whitney U-Test) between the two groups. NB: mean and standard 
deviation have not been calculated where the minimum concentration is below the detection 
limit.
Sample
Type Group n
Total Arsenic Concentration (pg/l A st) Mann-Whitney U-Test*
An% Geo.X S.D. Med. Min. Max. P Relationship
ND-Y 20 0.08 0.08 0.03 0.08 0.05 0.17
0.919 no difference
ND-N 11 - - - 0.08 <0.05 0.56
T2D-Y 9 0.30 0.16 0.32 0.10 0.03 0.10
0.722 no difference
T2D-N 21 - - - 0.18 <0.05 4.24
ND-Y 20 3.13 1.14 2.95 3.70 0.07 10.7
0.779 no difference
ND-N 10 2.49 0.86 2.49 2.27 0.05 6.32
FN
T2D-Y 9 0.11 0.10 0.03 0.11 0.08 0.17
0.699 no difference
T2D-N 19 1.13 0.23 2.04 0.10 0.06 5.38
ND-Y 0 - - - - - -
ND-N 4 0.92 0.73 0.78 0.62 0.36 2.07
TN
T2D-Y 2 0.11 0.11 0.01 0.11 0.10 0.12
0.333 no difference
T2D-N 2 0.18 0.17 0.09 0.18 0.12 0.25
ND-Y 21 71.8 59.2 43.7 69.8 14.0 174
0.068 no difference
ND-N 32 73.6 40.8 106 36.7 6.13 443
T2D-Y 10 168 104 131 143 12.3 402
0.370 no difference
T2D-N 40 146 70.8 184 85.5 4.66 1035
ND-Y 1 4.36
0.087 no difference
ND-N 22 7.99 7.11 5.40 6.15 4.67 29.4
WB
T2D-Y 2 6.07 6.04 14.2 6.07 5.46 6.68
0.655 no difference
T2D-N 17 10.5 8.11 10.4 6.59 4.37 42.9
ND-Y 20 8.90 6.73 7.02 9.92 1.99 33.5
0.594 no difference
ND-N 9 7.27 6.68 2.91 6.80 2.90 10.6
BS
T2D-Y 8 67.9 50.8 39.5 76.3 5.81 130
0.060 no difference
T2D-N 23 44.9 28.0 32.5 45.9 2.54 142
* Statistical difference between the smokers (Y) and non-smokers (N), analysed using a Mann-Whitney U-
Test (p = probability level); n = number of samples in group; A r . ,X = arithmetic mean; Geo. x =  geometric
mean; S.D. = standard deviation; Med. = median; Min. = minimum; Max. = maximum.
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